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ABSTRACT 


Tests  on  eighty-four  solid  and  hollow  prestressed  concrete 
beams  under  various  ratios  of  torsion,  bending  and  shear  are  reported 
in  this  investigation.  All  beams  had  nominally  the  same  length  of 
10'  -  9"  and  were  divided  into  three  series  according  their  cross- 
sections  : 

(i)  Series  A*,  6  x  12  inches  (52  beams) 

(ii)  Series  B,  8  x  12  inches  (20  beams) 

(iii)  Series  C,  12  x  12  inches  (12  beams) 

Primary  variables  in  Series  A  included  eccentricity  of  prestress,  amount 
of  transverse  steel,  and  torsion,  bending  and  shear  ratios,  while  in 
Series  B  and  C  the  effect  of  a  longitudinal  opening  was  studied  in  con¬ 
junction  with  different  loading  ratios. 

Available  theories  for  cracking  analysis  of  beams  were  ex¬ 
amined  and  two  procedures  are  proposed.  One  is  based  on  the  biaxial 
stress  criteria  and  includes  such  effects  as  stirrup  contribution  and 
partial  plastif ication  at  cracking,  and  the  other  utilizes  an  equiva¬ 
lent  elliptical  cross-section  for  solid  and  hollow  sections.  Some 
shortcomings  of  the  commonly  used  theories  for  the  ultimate  analysis 
are  pointed  out  and  a  new  iterative  method  based  on  a  biaxial  strain 

*  Twenty  beam  o l  SetiieA  A  uesie  tested  and  fieponted  by  Ma.  E.  8. 
Jacobsen  (see  list  o £  siefiesiences)  in  his  M.Sc.  study.  Since, 
these  beam  constitute  an  integral  paAt  o&  Senies  A  they  one 
also  included  hesie  in  chapters  on  csiacking  and  ultimate 
analysis . 
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, 


criteria  is  presented.  Comparison  of  theoretical  and  experimental 
results  was  made  and  a  very  good  correlation  was  observed. 

Original  contributions  contained  herein  are:  (i)  utilization 
of  a  biaxial  stress  criteria  in  the  cracking  analysis,  (ii)  use  of  the 
equivalent  elliptical  cross-sections  for  predictions  of  cracking 
strength  and  precracking  stiffness  for  solid  and  hollow  beams,  and 
(iii)  utilization  of  a  biaxial  strain  criteria  in  the  ultimate  strength 
analysis. 
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CHAPTER  I 
INTRODUCTION 


1.1  General  Remarks 


With  the  trend  in  recent  years  towards  more  sophisticated 
use  of  concrete  in  bridge  girders  and  in  edge  beams  of  shells  and  slabs 
interest  in  research  on  torsion  in  prestressed  concrete  has  signifi¬ 
cantly  increased.  Continuous  refinements  of  design  specifications 
with  reduced  factors  of  safety  require  an  explicit  recognition  and 
understanding  of  torsional  effects;  in  the  past  large  safety  factors 
for  flexure  and  shear  indirectly  accounted  for  "secondary"  effects, 
including  torsion. 

Considerable  progress  in  research  in  this  area  resulted  in 
the  provisions  of  ACI  318-71 **  for  design  of  reinforced  concrete  mem¬ 
bers  subjected  to  torsion.  At  the  time  it  was  felt  that  a  similar 
recommendation  for  the  design  of  prestressed  concrete  could  not  be  in¬ 
cluded,  because  of  inadequate  research  and  test  data.  It  is  intended 
that  the  experimental  data  and  theoretical  findings  presented  in  this 
report  will  complement  other  current  research  programs  being  carried 
out  elsewhere  and  in  this  way  assist  towards  the  formulation  of  design 
procedures. 
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2. 


1. 2  Object  and  Scope 

The  primary  objectives  of  this  investigation  were:  (i)  to 
observe  the  behavior ,  the  cracking  and  ultimate  strengths  of  solid  and 
hollow  prestressed  concrete  beams  subjected  to  combined  loading,  (ii) 
to  examine  commonly  used  theories  for  cracking  and  ultimate  strength, 
and  the  assumptions  on  which  these  theories  are  founded,  and  ,  (iii) 
to  develop  analyses  for  predicting  the  cracking  and  ultimate  strength 
of  solid  and  hollow  prestressed  concrete  beams. 

The  experimental  portion  of  this  investigation  consisted  of 
tests  on  eighty-four  solid  and  hollow  prestressed  concrete  beams  under 
various  ratios  of  torsion,  bending  and  shear.  The  main  variables  in¬ 
cluded  magnitude  and  eccentricity  of  prestress,  amount  of  transverse 
steel,  torsion  to  bending  ratio,  torsion  to  shear  ratio  and  size  of 
longitudinal  opening.  The  experimental  data  obtained  in  this  study 
includes  cracking  strength,  ultimate  strength,  strains  in  the  pre¬ 
stressing  steel  and  transverse  reinforcement,  torque-twist  and  load- 
deflection  characteristics,  and  crack  patterns. 

Using  the  analysis  developed  in  this  study,  theoretical  capa¬ 
cities  at  cracking  and  ultimate  have  been  compared  with  test  values. 
Expressions  for  the  initial  torsional  stiffness  of  solid  and  hollow 
beams  have  been  developed  and  compared  with  test  results. 
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CHAPTER  II 

CURRENT  STATE  OF  KNOWLEDGE 


2.1  Introduction 

Research  on  torsion  in  structural  concrete  has  an  interesting 
history  dating  back  to  1929  when  E.  Rausch18  presented  the  truss  ana¬ 
logy  for  torsion  in  reinforced  concrete  members.  According  to  this 
analogy  transverse  reinforcement  acts  as  tension  members  while  cracked 
concrete  provides  the  compression  struts.  Another  break-through  in 
research  activities  in  this  area  came  in  1958  when  N.N.  Lessig51’  52 
proposed  the  skew  bending  theory,  where  equilibrium  conditions  based 
on  the  observed  failure  mode  are  considered.  More  recently  investiga¬ 
tors  such  as  Lampert49,  Hsu36,  and  Collins11,  introduced  the  equivalent 
thin  tube  theory  where  a  solid  beam  is  treated  as  a  rectangular  thin 
walled  tube.  This  approach  is  based  on  the  space  truss  model  first 
developed  by  Lampert49  and  is  essentially  a  generalization  of  the  ori¬ 
ginal  truss  theory. 

The  fundamentals  of  general  torsion  theory  (which  dates  back 
to  the  eighteenth  century,  when  Coulomb  found  the  solution  for  a  cylin¬ 
drical  bar  of  circular  cross-section)  are  available  in  most  textbooks 
on  strength  of  materials61,  theory  of  elasticity69’  72 ,  or  theory  of 
plasticity  59 ,  and  consequently  will  not  be  presented  here.  Research 
on  torsion  in  structural  concrete  has  been  active  mainly  in  the  last 
two  decades  and  is  currently  carried  out  in  over  thirty  institutions 
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throughout  the  world,  resulting  in  numerous  publications.  An  exten¬ 
sive  literature  review  dealing  with  torsion  in  structural  concrete  has 
been  presented  by  Zia82,  Johnston  and  Zia40,  Woodhead  and  McMullen75 
and  Rao  and  Warwaruk6 5 .  Only  research  that  has  a  close  relevance  to 
the  material  presented  in  this  report  is  reviewed  here.  In  the  intro¬ 
ductory  sections  of  Chapters  5  and  6,  where  cracking  and  ultimate 
analyses  are  presented,  reference  is  made  also  to  the  most  pertinent 
publications  dealing  with  these  two  areas. 

It  is  not  surprizing  that  research  on  torsion  in  prestressed 
concrete  members  gained  momentum  only  after  the  problem  was  better  de¬ 
fined  and  understood  for  plain  and  reinforced  concrete.  For  that 
reason  many  authors,  when  conducting  their  literature  review,  approached 
the  problem  by  dividing  the  whole  area  into  (i)  plain  concrete,  (ii) 
reinforced  concrete,  and  (iii)  prestressed  concrete.  Others  preferred 
to  make  a  distinction  between  (i)  pure  torsion,  (ii)  torsion  and  bend¬ 
ing,  and  (iii)  torsion  bending  and  shear.  Both  treatments  are  justified 
since  the  problem  of  combined  loading  was  historically  approached  in 
both  these  manners.  However,  it  should  be  mentioned  that  all  these 
cases  represent  special  cases  of  a  fully  reinforced  and  prestressed 
beam  under  combined  torsion,  bending  and  shear.  Such  a  beam  exhibits 
two  distinct  behavioral  regions;  one  between  initial  load  and  the 
cracking  load  and  another  between  cracking  and  ultimate.  For  that 
reason  available  theories  for  cracking  analysis  are  discussed  first 
and  then  theories  for  ultimate  analysis  are  reviewed. 
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2. 2  Cracking  Strength 

The  major  concern  of  a  torsional  cracking  analysis  is  the 
determination  of  a  stress  distribution  and  a  failure  criteria.  Several 
theories  have  been  used  in  the  past  regarding  torsional  shear  stress 
distribution  at  cracking.  Three  common  approaches  are  those  from  the 
Elastic  theory69,  the  Plastic  theory59,  and  the  Skew  bending  approach31. 

In  the  elastic  theory  a  material  is  assumed  to  be  perfectly 
elastic  and  failure  occurs  when  the  limiting  stress  is  reached  at  the 
maximum  shearing  stress  location.  On  the  other  hand,  the  plastic 
theory  assumes  perfectly  plastic  behavior  implying  that  the  shear  stresses 
due  to  torsion  are  constant  over  the  whole  cross-section.  According  to 
both  theories,  shearing  stress  can  be  expressed  as  follows: 


T 


_ T_ 

kb2h 


(2.1) 


where  k  is  the  torsion  constant  and  is  a  function  of  the  cross- 
sectional  aspect  ratio.  For  the  same  cross-section  this  factor  is 
always  larger  for  plastic  theory  as  compared  to  elastic  theory. 

Torsional  shearing  stresses  determined  by  Equation  2.1  must 
be  superimposed  on  the  stresses  caused  by  prestress,  bending,  and 
flexural  shear.  To  such  a  generalized  state  of  stress  a  failure  cri¬ 
teria  is  applied.  Unfortunately,  no  agreement  exists  among  researchers 
as  to  which  failure  criteria  should  be  used  for  concrete  at  cracking. 
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For  the  case  of  combined  loading,  generally  the  maximum  stress  criteria 
has  proved  to  be  more  popular.  However,  the  tensile  strength  of  con¬ 
crete  must  be  known,  regardless  of  the  adopted  failure  criteria;  it  can  be 
determined  from  the  uniaxial  tensile  test  or  the  splitting  tensile 
test.  The  disadvantage  of  the  former  is  that  it  is  difficult  to  per¬ 
form,  while  in  the  latter  case  a  pure  tensile  state  of  stress  cannot 
be  attained;  tensile  stress  is  always  associated  with  a  compressive 
stress  amounting  to  approximately  0.25  f\ 

It  should  be  noted  that  Equation  2.1  is  applicable  only  to 
solid  rectangular  cross-sections.  For  cross-sections  with  re-entrant 
corners  such  as  T,  L,  U,  I  or  hollow  box  sections  a  numerical  solution 
of  the  following  partial  differential  equation  is  required: 
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where  F,  .  denotes  the  stress  function  in  cartesian  coordinates, 

(x,y) 

K.J,  the  torsional  rigidity,  and  <J)  the  angle  of  twist  per  unit  length. 

3  1 

Based  on  experimental  observations,  Hsu  concluded  that  the 
stress  distribution  due  to  torsion  at  cracking  can  be  interpreted  as  a 
skew  bending  phenomenon.  This  approach  has  been  extended  by  Gangarao 
and  Zia24  to  include  bending  and  torsion  and  by  Henry  and  Zia  to 
include  the  general  case  of  combined  bending,  torsion,  and  shear. 

While  it  was  observed  that  this  approach  gives  good  correlation  with 
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test  results  for  beams  with  aspect  ratios  close  to  2:1,  it  was  not 
satisfactory  for  beams  having  a  square  or  nearly  square  cross-section. 

Swamy  conducted  tests  on  twenty  prestressed  beams  without 
web  reinforcement.  He  concluded  that  both  maximum  stress  criterion 
and  maximum  strain  criterion  do  not  give  satisfactory  results  for  the 
entire  range  of  torsion  to  bending  ratios.  Johnston  and  Zia40  applied 
elastic  theory  using  a  finite  difference  technique  for  the  determina¬ 
tion  of  the  torsional  shear  stresses  in  prestressed  hollow  beams 
subjected  to  combined  loading.  They  based  tensile  strength  of  concrete 
on  the  splitting  test  for  the  reason  that  the  biaxial  state  of  stress 
in  the  splitting  tensile  test  is  similar  to  the  state  of  stress 
resulting  from  combined  loading.  The  same  beams  were  analysed  by  the 
skew  bending  approach;  comparison  shows  that  the  elastic  theory  cor¬ 
relates  better  with  test  results  than  the  skew  bending  approach. 
Subsequently,  Woodhead  and  McMullen  75  analysed  177  rectangular  pre¬ 
stressed  beams  using  elastic  theory  with  f  equal  7/f\  Since 
the  main  values  of  experimental  to  theoretical  ratios  ranged  from 
1.035  to  1.330  they  pointed  out  that  their  conservative  predictions 
resulted  from  some  plastic  action  at  cracking  and  contribution  of  web 
reinforcement  to  the  cracking  strength.  In  a  recent  study,  Rao  and 
Warwaruk66  investigated  the  cracking  strength  and  precracking  behavior 
of  prestressed  I-beams  under  combined  loading.  Forty-one  beams  were 
analysed  according  to  both  plastic  theory  with  f  equal  to  6/f ^ 
and  elastic  theory,  where  a  finite  element  technique  was  employed, 

with  f  equal  to  7.5/fr.  It  is  interesting  to  note  that  the 
t  C 
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average  test  to  theory  ratios  according  to  both  theories  were  the  same, 
that  is  1.26.  Although  it  may  appear  somewhat  surprising  that  the  plas¬ 
tic  theory  also  underestimates  cracking  capacity  this  probably  resulted 
from  the  smaller  value  of  f^_  adopted  in  this  theory  as  compared  to 
elastic  theory. 

2 . 3  Ultimate  Strength 

Three  approaches  are  most  commonly  used  for  the  determina¬ 
tion  of  ultimate  strength  of  reinforced  or  prestressed  concrete  beams 
under  combined  loading;  truss  analogy18,  skew  bending  theory51,  and 
space  truss  theory47.  All  three  approaches  are  applicable  only  to 
underreinforced  members.  While  it  is  relatively  easy  to  establish 
limits  of  longitudinal  reinforcement  in  a  member  subjected  to  bending 
only,  no  clear  theoretical  definition  has  been  given  in  the  literature 
as  to  what  amount  of  web  and  longitudinal  reinforcement  would  corres¬ 
pond  to  "balanced  condition"  for  a  member  subjected  to  combined 
torsion,  bending  and  shear.  It  has  been  recognized  that  a  reinforced 
or  prestressed  beam  without  web  reinforcement  fails  at  first  cracking 
if  subjected  to  pure  torsion  or  combined  loading;  this  implies  that  the 
analysis  for  cracking  torque  would  also  apply  for  the  determination  of 
ultimate  capacities.  Researchers  also  agree  that  the  relative  amounts 
of  web  and  longitudinal  reinforcement  and  initial  prestress  not  only 
contribute  to  the  ultimate  strength  but  may  significantly  influence  the 


postcracking  behavior. 
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A  very  limited  number  of  investigations  dealing  with  the 
problem  of  combined  loading  in  hollow  beams  have  been  published.  Hsu35 
reported  tests  on  four  reinforced  hollow,  and  corresponding  solid 
beams  subjected  to  pure  torsion.  Capacities  were  similar  for  similarly 
reinforced  solid  and  hollow  beams  implying  that  the  beam  core  did  not 
contribute  to  the  ultimate  strength.  Swamy6 8  applied  a  skew  bending 
analysis  to  twenty  hollow  prestressed  beams  subjected  to  combined 
bending  and  torsion.  Probably  the  most  complete  experimental  and 
theoretical  investigation  has  been  done  by  Johnston  and  Zia40  who  re¬ 
ported  tests  on  thirty-seven  eccentrically  prestressed  hollow  beams 
under  various  ratios  of  torsion,  bending  and  shear.  As  mentioned 
earlier,  an  elastic  analysis  in  conjunction  with  a  finite  difference 
technique  was  used  for  the  cracking  analysis,  while  the  ultimate  analy¬ 
sis  was  based  on  the  skew  bending  approach. 

Of  the  three  theories  mentioned  above  the  Skew  bending  theory 
has  been  mostly  used  in  the  past,  equally  for  reinforced  and  prestressed 
concrete.  Most  recent  works  on  rectangular  prestressed  concrete  beams 
under  combined  loading  include  those  by  Gangarao  and  Zia  ,  Henry  and 
Zia29,  Johnston  and  Zia40,  and  Woodhead  and  McMullen75.  Rao  and 
Warwaruk6 5  used  this  theory  to  predict  ultimate  capacities  of  prestres¬ 
sed  I-beams  under  combined  loading.  It  should  be  mentioned,  however, 
that  certain  assumptions  of  this  theory  have  been  questioned.  As  com¬ 
pared  to  the  truss  analogy,  skew  bending  theory  results  in  a  more 
complex  solution.  Recently,  Elfgren  showed  that  no  significant  dif- 
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ference  exists  between  these  two  theories  if  both  are  based  on  the 
same  assumptions  and  simplifications. 

The  space  truss  theory  is  the  most  recent  appraoch  and  has 
been  introduced  by  Lampert47.  Although  some  of  its  assumptions  are 
controversial  *  it  appears  that  this  approach  provides  a  sound 

tool  for  the  study  of  beam  behavior  at  postcracking  stages.  Using 
this  approach,  Collins11  found  that  complete  torque- twist  curves  can 
be  predicted  in  a  symmetrically  reinforced  beam  subjected  to  torsion 
only. 
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CHAPTER  III 
EXPERIMENTAL  PROGRAM 


3. 1  Test  Specimens 

The  results  of  tests  made  on  eighty  four  beams,  divided  in 
three  series  according  to  their  overall  cross-sectional  dimensions  as 
shown  in  Figure  3.1,  are  reported  in  this  investigation.  Each  of  the 
three  series  is  further  divided  into  groups  having  the  following 
variables:  eccentricity  of  prestressing  force,  amounts  of  longitudi¬ 

nal  and  transverse  steel  and  whether  the  beam  is  of  solid  or  hollow 
cross-section.  Figure  3.2  illustrates  the  group  identification.  The 
nominal  compressive  strength  of  concrete  was  5000  psi  with  the  same 
concrete  mix  for  all  beams.  The  following  mix  proportions  were  used: 


1. 

Cement 

(type  III) 

150 

lbs 

2. 

Sand 

310 

lbs 

3. 

Coarse 

aggregate 

500 

lbs 

4. 

Water 

85 

lbs/batch 

This  mix  yielded  seven  cubic  feet  of  concrete  with  a  slump  of  approxi¬ 
mately  3  inches.  The  sieve  analysis  of  sand  and  coarse  aggregate  is 
given  in  Tables  3.1  and  3.2,  respectively. 

The  details  of  the  stress-strain  characteristics  for  the 
transverse  steel  are  given  in  Figure  3.3.  Representative  samples  of 
the  //2  plain  bars  and  the  #3  deformed  bars  were  subjected  to  a  tension 
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TABLE  3.1  SIEVE  ANALYSIS  OF  SAND 


Sieve 

Size 

Weight 
Retained 
(gins . ) 

%  Retained 

Cumulative 
%  Retained 

A.S.T.M. 

Standard 

//  4 

17.5 

3.0 

3.0 

0-5 

//  8 

85.2 

14.7 

17.7 

//  16 

54.6 

9.5 

27.2 

20  -  55 

#  30 

60.0 

10.3 

37.5 

#  20 

208.4 

35.8 

73.3 

70  -  90 

//  100 

122.9 

21.1 

94.4 

90  -  98 

Pan 

17.8 

3.1 

- 

Silt 

14.4 

2.5 

- 

Total 

580.8 

100.0 

253.1 

Fineness  Modulus 

=  2.53 

TABLE  3.2  SIEVE  ANALYSIS  OF  COARSE  AGGREGATE 


Sieve 

Size 

Weight 

Retained 

(lbs.) 

%  Retained 

Cumulative 
%  Retained 

3/4" 

0.30 

1.1 

1.1 

3/8" 

15.63 

58.4 

59.5 

//  4 

10.03 

37.5 

97.0 

Pan 

0.80 

3.0 

100.0 

Total 

26.76 

100.0 
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FIG.  3.3  PORTION  OF  STRESS  -  STRAIN  DIAGRAM  FOR  TRANSVERSE  STEEL  (STIRRUPS) 
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test  in  order  to  obtain  their  stress-strain  curves.  Only  the  initial 
portions  of  stress— strain  curves  are  shown  in  Figure  3.3  since  the 
strain  hardening  region  was  not  utilized.  The  prestressing  cables  for 
the  test  specimens  were  3/8  and  1/2  inches  in  diameter,  both  being 
seven  wire  strand  with  a  guaranteed  minimum  yield  strength  of  250  ksi. 
Data  supplied  by  the  manufacturer  was  used  to  prepare  the  idealized 
stress-strain  curves  for  prestressing  cables  as  shown  in  Figures  3.4 
and  3.5.  Equations  representing  the  stress-strain  relationship  for 
the  prestressing  strands  are  used  in  the  theoretical  analysis  of  this 
investigation. 

3.2  Fabrication  of  Specimens 

Prior  to  the  fabrication  of  the  beams  prestressing  cables 
were  cut  and  placed  between  two  concrete  bulkheads,  which  were  fastened 
to  the  laboratory  floor  by  eight  large  high  strength  bolts.  At  both 
bulkheads  wedge  grip  and  anchorages  were  installed  on  the  ends  of  the 
cables.  One  end  served  as  a  point  of  force  application  and  at  the 
other  load  cells  provided  data  needed  for  the  determination  of  pre¬ 
stressing  force.  When  the  cables  were  aligned,  each  strand  was  indi¬ 
vidually  stressed  using  a  Simplex  center-hole  hydraulic  jack  operated 
by  an  electric  pump.  Although  an  attempt  was  made  to  stress  the 
cables  to  the  designated  level  of  prestress,  small  variations  in 
anchorage  losses  made  this  virtually  impossible.  After  prestressing, 
the  transverse  reinforcement  was  positioned  and  fixed  by  wiring  the 
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stirrups  to  the  prestressing  cables  as  shown  in  Figure  3.6.  To  ensure 
that  failure  occurred  in  the  test  zone,  additional  transverse  and 
longitudinal  reinforcement  was  provided  outside  the  test  zone.  Prior 
to  positioning  and  fastening  of  the  steel  forms  they  were  cleaned  and 
oiled.  The  26  ft.  long  prestressing  bed  permitted  fabrication  of  two 
beams  at  the  same  time. 

Concrete  mixing  was  performed  in  the  laboratory  using  a  nine 
cubic  foot  capacity  mixer.  Concrete  was  placed  in  the  forms  with  the 
aid  of  a  1  inch  diameter  internal  vibrator.  Five  six-by-twelve  inch 
control  cylinders  were  made  with  each  specimen  and  cured  under  the 
same  conditions  as  the  beams.  The  steel  forms  were  removed  the  day 
after  casting  and  the  beams  together  with  test  cylinders  were  covered 
with  moist  burlap  and  plastic  sheets.  After  six  days  the  burlap  and 
plastic  sheets  were  removed  and  final  load  cell  readings  were  taken 
in  order  to  determine  prestress  relaxation  and  anchorage  losses. 

The  opening  in  the  hollow  beams  was  made  using  a  styrofoam 
block  of  the  same  cross-section  as  the  opening  and  a  length  of  one 
foot  longer  than  the  test  zone  to  avoid  possible  effects  of  stress 
concentration  in  this  region.  Although  the  contribution  of  styrofoam, 
if  left  inside  the  beam,  would  be  insignificant  in  bending,  it  was 
felt  that  its  contribution  may  be  much  higher  in  resisting  torsion 
and  shear  due  to  confinement.  To  nullify  its  possible  contribution 
to  the  beam  torsional  and  shear  strength,  after  curing  of  a  beam  was 
completed,  the  styrofoam  was  completely  dissolved  using  an  organic 


20 


REINFORCEMENT  CAGE  FOR  A  HOLLOW  BEAM 


21. 


solvent ,  acetone.  To  insure  accessibility  to  the  styrofoam,  two  plastic 
tubes  of  3/4  in.  in  diameter  were  cast  in  the  solid  portions  of  the  beam 
as  shown  in  Figure  3.6. 

For  both  solid  and  hollow  beams,  five  pairs  of  mechanical 
gauge  points  were  positioned  on  both  vertical  sides  of  the  beam  and 
initial  readings  were  taken  using  an  8  inch  Demec  deformation  gauge. 
Readings  were  taken  immediately  after  release  of  prestress  providing 
data  required  for  the  calculation  of  prestress  losses  due  to  elastic 
shortening  of  the  beam.  The  same  procedure  was  repeated  prior  to  test 
to  determine  losses  due  to  creep,  shrinkage  and  relaxation. 

Three  cylinders  were  tested  in  compression  and  the  remaining 
two  in  tension  the  same  day  as  the  beam  test.  Compressive  and  tensile 
strengths  of  the  concrete  are  reported  in  the  following  chapter. 

3 . 3  Instrumentation  of  Specimens 

3.3.1  Reinforcement  Strains 

In  contrast  to  the  beams  of  Series  A  where  only  four  strain 
gauges  were  mounted  on  the  vertical  legs  of  stirrups,  Series  B  and  C 
were  more  extensively  instrumented.  Generally,  seventeen  strain 
gauges  were  used  for  each  beam;  five  on  the  prestressing  strands  and 
twelve  on  the  stirrups.  Location  and  designation  of  these  strain 
gauges  is  shown  in  Figures  3.7  through  3.11  and  strain  gauge  readings 
for  each  load  increment  are  given  in  Appendix  B. 
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Kyowa  type  KFC-5-C1-11  electrical  resistance  strain  gauges 
were  used  for  both  prestressing  steel  and  stirrups.  While  the  instal¬ 
lation  of  strain  gauges  on  stirrups  can  be  performed  by  standardized 
procedure,  caution  must  be  exercised  in  installing  strain  gauges  on 
prestressing  strands.  Since  each  strand  is  composed  of  one  straight  and 
six  twisted  wires,  "channels"  between  these  wires  make  waterproofing 
virtually  impossible.  To  eliminate  this  problem  many  researchers24’ 
40,65  used  styrofoam  plugs  during  casting  of  concrete  which  insured 
access  to  prestressing  strands  after  concrete  had  hardened.  These 
plugs  were  then  removed  and  strain  gauges  placed  on  strands  in  the 
cavities.  Although  the  problem  of  waterproofing  is  eliminated  one  of 
the  main  disadvantages  of  this  procedure  is  that  the  gauge  cannot  be 
properly  aligned  in  a  1  or  2  inch  deep  cavity.  Since  they  are  located 
on  the  outside  boundaries  of  a  cross-section  these  hollows,  even 
though  they  are  relatively  small,  reduce  the  moment  of  inertia  of  a 
cross-section  by  10  to  15  percent  thereby  directly  reducing  the  crack¬ 
ing  strength  by  about  the  same  amount.  For  these  two  reasons  such  a 
procedure  was  not  used  in  this  investigation.  Instead,  a  new  proce¬ 
dure  described  below,  was  developed. 

After  prestressing  was  completed  at  designated  locations 
the  outer  portion  of  one  single  wire  of  prestressing  strand  was  tho¬ 
roughly  cleaned  after  which  a  gauge  was  cemented  with  M-line  Acces¬ 
sories'  M-bond  200  and  waterproofed  with  a  coat  of  a  Budd  GW-2 
compound.  Lead  wires  were  connected  to  the  strain  gauge  and  a 
small  area  where  strain  gauge  was  located  was  covered  with  an  epoxy 
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compound.  This  step  is  very  important  since  it  ensured  that  moisture 
or  water  leaking  during  casting  would  be  prevented.  After  curing  the 
entire  strand  at  strain  gauge  location  was  wrapped  with  tape.  For 
additional  protection  against  possible  damage  of  a  strain  gauge  during 
casting,  the  entire  strand  at  this  location  was  covered  with  the  epoxy 
compound . 


The  main  advantages  of  the  above  procedure  are  that,  (i) 
gauge  can  be  properly  aligned  and,  (ii)  no  reduction  of  effective  cross- 
sectional  area  occurs.  Total  loss  of  strain  gauges  is  significantly 
reduced  as  compared  to  the  first  described  procedure;  it  is  interesting 
to  note  that  in  more  than  500  strain  gauges  installed  using  this  proce¬ 
dure  only  3  strain  gauges  were  lost. 

3.3.2  Angle  of  Twist 

Rotation  of  a  member  subjected  to  a  torque  was  measured  by 
two  twistmeters.  The  location  of  these  twistmeters  is  shown  in  Figures 
3.7  through  3.11.  Each  twistmeter  consisted  of  an  elbow-type  alumi¬ 
num  bracket  with  a  spirit  level,  pin  joined  at  one  end  and  supported 
at  the  other  by  a  micrometer  screw  with  the  smallest  division  of  0.001 
inches.  This  assembly  was  attached  to  the  top  face  of  a  beam  by  means 
of  a  rubber  belt.  The  rotation  of  each  twistmeter  was  computed  from 
the  difference  in  micrometer  readings  between  two  successive  load  in¬ 
crements,  the  total  angle  of  twist  over  the  test  zone  was  the  difference 
between  twistmeter  rotations.  These  angles  are  tabulated  for  each 
load  increment  in  Appendix  A. 
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3.3.3  Deflections 

Figures  3.7  through  3.11  show  locations  of  three  pairs  of 
deflection  gauges  for  each  group  of  beams.  Essentially  the  deflection 
gauge  consisted  of  a  metal  ruler  with  division  of  0.01  inches  hung  on 
a  small  hook  which  was  cemented  on  the  beam  face.  Readings  were  taken 
using  two  precise  levels  located  on  either  side  of  a  specimen.  The 
average  value  of  a  corresponding  pair  of  readings,  which  was  obtained 
in  this  manner,  resulted  in  the  determination  of  the  deflection  of  the 
longitudinal  beam  axis.  Deflection  data  for  each  load  increment  for 
beams  of  B  and  C  series  are  tabulated  in  Appendix  A. 

3 . 4  Test  Equipment 

The  loading  apparatus  which  permits  independent  application 
of  torsion  and  flexure  or  torsion  and  shear-flexure  was  first  designed 
and  used  by  McMullen  and  Warwaruk55.  Only  minor  alterations,  such  as 
the  enlargement  of  the  torsionally  fixed  head  were  made  in  the  course 
of  this  experimental  investigation.  Detailed  description  and  illus¬ 
tration  of  loading  apparatus  is  available  elsewhere55*  58 ;  only  a 
brief  description  is  presented  here. 

The  loading  arrangement  used  for  testing  of  the  beams  under 
combined  loading  is  illustrated  in  Figure  3.12.  Transverse  load  was 
applied  by  means  of  an  Amsler  jack  having  a  capacity  of  100  kips. 

Load  was  transfered  to  the  beam  by  a  heavy  plate  laterally  supported 
and  resting  on  a  pipe  collar  which  was  fastened  to  the  specimen  at  the 
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point  of  loading.  This  system  permitted  transfer  of  a  twisting  moment 
along  beam  length  and  ensured  that  the  transverse  load  remained  in  a 
vertical  direction.  The  west  end  of  the  specimen  was  supported  by  a 
fixed  head  shown  in  Figure  3.13,  while  the  east  end  was  supported  by  a 
twisting  head  (Figure  3.14)  where  torque  was  applied.  The  east  head 
allowed  a  beam  to  rotate  about  its  longitudinal  axis  and  also  in  the 
vertical  plane.  On  the  other  hand,  the  west  head  restricted  torsional 
rotation  of  a  beam,  while  it  permitted  bending  rotations  and  small 
movements  in  the  longitudinal  direction.  Detailed  view  of  complete 
test  set-up  for  combined  loading  is  shown  in  Figure  3.15. 

The  torque  applied  to  a  beam  resulted  from  two  loads  applied 
by  cables  in  opposite  direction  to  the  twisting  head  as  shown  in 
Figure  3.16.  The  cables,  in  turn,  were  attached  to  an  assembly,  lo¬ 
cated  below  the  test  floor,  which  was  operated  by  a  hand  pump.  Forces 
in  the  cables  were  measured  using  load  cell  and  strain  indicator. 

3 . 5  Testing  Procedure 

Before  a  specimen  was  placed  into  the  loading  frame  readings 
were  taken  on  the  mechanical  demec  points  and  electrical  resistance 
strain  gauges  on  the  prestressing  strand.  These  readings  provided 
data  required  for  prestress  loss  calculations.  The  dead  weight  of  the 
pipe  collar  and  plate  assembly  used  for  application  of  transverse  load 
was  calculated  beforehand  and  allowance  was  made  due  to  this  weight  in 
applying  transverse  load.  Both  transverse  load  and  twisting  moment 
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FIG.  3.13  FIXED  HEAD 
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FIG.  3.14  TWISTING  HEAD 
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DETAILED  VIEW  OF  TEST  SETUP  FOR  COMBINED  LOADING 
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FIG.  3.16  TORSIONAL  LOADING  EQUIPMENT 
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were  applied  in  a  series  of  simultaneous  increments  of  predetermined 
magnitude  depending  upon  the  ratio  of  torsional  to  bending  moment. 

As  cracking  or  ultimate  load  was  approached  loading  increments  were 
reduced  in  order  to  improve  accuracy  in  determining  these  capacities. 
For  each  load  increment  all  instrumentation  was  read  and  the  crack 
patterns  were  marked.  The  number  of  increments  for  each  test  varied 
between  15  and  30.  Test  data  for  beams  of  series  B  and  C  is  tabulated 
in  Appendicies  A  and  B,  and  crack  patterns  are  shown  in  Appendix  C. 
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CHAPTER  IV 

PRESENTATION  AND  DISCUSSION  OF  TEST  RESULTS 


4.1  General 

In  this  chapter  principal  test  results  are  presented  and 
behavior  of  beams  under  combined  loading  is  discussed.  Additional  in¬ 
formation  for  each  beam  of  Series  B  and  C  including  loading,  deforma¬ 
tion  and  strain  data  for  each  load  increment  and  crack  pattern  is 
presented  in  Appendices  A,  B  and  C.  Data  for  beams  of  Series  A  is 
available  elsewhere39’  74  .  The  parameters  studied  in  this  investiga¬ 
tion  are  listed  in  Table  4.1.  Numerical  values  of  these  variables  for 
each  beam  are  presented  in  the  following  section.  Variables  included 
in  Series  A  and  the  group  identification  of  this  series  is  shown  in 
Table  4.2.  The  primary  objective  of  Series  B  and  C  was  to  study  the 
effect  of  a  longitudinal  opening.  Each  of  these  two  series  has  been 
divided  into  two  groups  BS,  BH  and  CS,  CH;  the  second  letter  in  each 
group  refers  to  solid  and  hollow  cross-section,  respectively.  Addi¬ 
tionally,  Series  B  contained  group  BIS  in  which  the  amount  of  trans¬ 
verse  steel  and  the  initial  prestress  were  varied. 

Each  of  the  thirteen  groups  of  beams  reported  in  this  inves¬ 
tigation  consisted  of  6  to  8  beams.  The  first  beam  in  each  group  was 
tested  in  pure  bending  and  with  the  exception  of  groups  AB,  AD,  AF  and 
AH,  the  last  beam  of  each  group  was  subjected  to  pure  torsion.  The 
remaining  beams  were  tested  under  various  loading  ratios  in  combined 


TABLE  4.1  PARAMETERS  CONSIDERED  IN  THIS  STUDY 
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bending  and  torsion  or  bending,  torsion  and  shear. 

4 . 2  Principal  Test  Results 

The  principal  test  results  for  all  three  series  of  beams  are 
presented  in  Table  4.3.  They  include  compressive  and  splitting  strengths 
of  concrete,  effective  prestress,  eccentricity  of  prestressing  force, 
cracking  and  ultimate  capacities,  loading  ratios,  failure  mode,  angle  of 
twist  and  centerline  deflection.  Geometric  properties  of  beams  are  not 
included  here,  since  they  have  been  presented  in  Chapter  3.  It  should 
be  noted  that  the  effect  of  dead  load  for  Series  A  was  neglected,  while 
because  of  larger  dimensions  it  has  been  included  for  Series  B  and  C. 

The  effective  prestressing  force  in  each  cable  is  not  reported  here 
since  it  can  be  easily  generated  from  the  effective  prestress  and  ec¬ 
centricity  of  prestressing  force  shown  in  Table  4.3. 

The  cracking  and  ultimate  strengths,  and  loading  ratios  ip 
and  6,  are  calculated  with  respect  to  the  centroid  of  compression  zone 
of  the  failure  surface.  For  combined  torsion,  bending  and  shear  ratios 
ip  and  6  differ  somewhat  from  the  initial  predetermined  ratios  used 
in  the  load  application  because  the  location  of  the  actual  failure  cross- 
section  usually  did  not  coincide  with  the  assumed  failure  cross-section. 
The  maximum  twist  and  deflection  at  the  centerline  of  the  test  zone  cor¬ 
respond  to  values  recorded  at  the  end  of  the  load  increment  immediately 
preceding  failure.  It  should  be  noted  that  failure  is  defined  herein 
as  a  state  when  the  beam  could  no  longer  sustain  increases  in  loads  to 


which  it  was  subjected. 
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4 . 3  Precracking  Behavior  and  Cracking  Strength 

Torque-twist  relationships  for  typical  beams  of  Series  B  and 
C  are  shown  in  Figures  4.1  and  4.2,  respectively.  Beams  BS-2  and  BH-2 
shown  in  Figure  4.1a  were  both  subjected  to  predominant  bending.  With 
the  exception  that  one  beam  was  of  solid  (BS-2)  and  the  other  of  hollow 
(BH-2)  cross-section  both  beams  were  similar  in  every  other  respect, 
i.e. ,  overall  dimensions,  level  of  prestress,  amount  of  transverse 
steel,  and  concrete  strength.  Curves  for  two  other  beams  of . the  same 
series  which  were  subjected  to  predominant  torsion  are  shown  in  Figure 
4.1b.  Similarly,  torque- twist  relationships  for  four  beams  of  Series 
C  are  illustrated  in  Figure  4.2. 

Examination  of  these  curves  reveals  that  the  load-deformation 
relationship  deviates  from  a  linear  function  at  about  50%  of  the  crack¬ 
ing  torque  T  indicating  that  some  stress  redistribution  takes  place 
before  cracking.  However,  it  should  be  pointed  out  that  no  significant 
loss  of  torsional  stiffness  occurs  at  the  precracking  stages  and,  there¬ 
fore,  for  all  practical  purposes  a  linear  relationship  can  be  used. 

Since  stresses  are  distributed  almost  elastically  throughout  the  cross- 
section  it  is  not  surprising  that  the  hollow  beams  yielded  a  reduced 
stiffness  as  compared  to  solid  beams,  but  this  reduction  is  not  very 
significant  since  the  opening  is  located  around  the  centroid  of  the 
cross-section  where  both  stress  resultants  and  lever  arms  are  relative¬ 
ly  small.  While  torsional  stiffness  differs  from  one  series  of  beams 
to  another  owing  to  different  cross-sectional  properties,  it  is  observed 
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that  stiffness  is  independent  of  loading  ratios  ip  and  6.  In  com¬ 
paring  the  curves  in  Figure  4.1  and  4.2,  it  should  be  noted  that  they 
are  plotted  using  different  scales.  A  detailed  study  of  the  influence 
of  the  other  parameters  on  the  torsional  precracking  stiffness  is  pre¬ 
sented  in  Chapter  5. 

The  observations  made  regarding  the  torque-twist  relationship 
before  cracking  apply  also  to  the  moment-deflection  curves  shown  in 
Figures  4.3  and  4.4.  Similar  to  torsional  stiffness,  flexural  stiff¬ 
ness  before  cracking  is  directly  influenced  by  the  cross-sectional 
dimensions  of  the  beams,  therefore,  comparisons  can  be  made  only  within 
each  series  of  beams.  It  is  interesting  to  observe  the  upward  deflec¬ 
tion  of  beams  BS-5  and  BH-5  (Figure  4.3b).  Such  a  behavior  resulted 
from  a  positive  (downward)  eccentricity  of  the  prestressing  force  and  is 
associated  with  a  high  torsion  to  bending  ratio,  ip.  In  this  case  the 
first  crack  appears  on  the  top  face  and  consequently  the  compression 
zone  is  adjacent  to  the  bottom  face.  Data  reported  in  Table  4.3 
clearly  shows  that  the  major  factors  influencing  cracking  torque  and 
cracking  mode  are  the  loading  ratios  ip  and  6.  Other  effects  such 
as  eccentricity  of  prestressing  force  and  amount  of  transverse  steel 
should  be  studied  in  conjunction  with  the  above  two  loading  ratios. 

For  example,  eccentric  prestress  increased  cracking  torques  only  for 
lower  values  of  ^  where  bending  nullified  the  eccentricity  of  pre¬ 
stressing  force.  On  the  other  hand,  presence  of  stirrups  increased 
torque  only  for  beams  subjected  to  high  torsion  to  bending  ratios. 
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since  the  number  of  stirrups  "intersected"  by  a  potential  crack  in¬ 
creased  as  increased.  Comparison  of  corresponding  groups  of  beams 

in  Series  A  subjected  to  combined  torsion  and  bending  only  and  torsion, 
bending  and  shear  reveals  that  the  presence  of  shear  reduced  cracking 
strength.  When  examining  all  the  above  effects  on  the  cracking  strength 
it  is  also  important  to  note  variations  in  tensile  and  compressive 
strengths  of  concrete. 

Strain  data  shown  in  Appendix  B  indicate  that  increase  in 
stirrup  strains  becomes  significant  after  about  50%  of  T  and  is 
associated  only  with  predominant  torsion.  This  observation  is  compa¬ 
tible  with  the  stirrup  contribution  to  the  cracking  strength  noted 
above. 

4.4  Development  of  Cracks,  Postcracking  Behavior,  and 

Ultimate  Strength 

A  typical  crack  pattern  for  a  prestressed  concrete  beam  under 
combined  loading  is  shown  in  Figure  4.5.  Appearance  and  crack  forma¬ 
tion  is  similar  to  that  for  reinforced  concrete  beams55,  except  that 
the  inclination  of  the  cracks  with  respect  to  the  longitudinal  axis  is 
generally  smaller  for  prestressed  than  for  reinforced  concrete.  Using 
a  Mohr's  circle  approach61,  it  can  be  shown  that  this  angle  in  pre¬ 
stressed  concrete  can  assume  a  value  less  than  30  degrees,  while  in 
reinforced  concrete  it  always  exceeds  45  degrees.  For  beams  subjected 
to  predominant  bending  the  first  crack  started  at  the  middle  of  the 
bottom  face  being  almost  perpendicular  to  the  beam  axis  and  as  the  load 
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was  increased  this  crack  extended  to  the  vertical  faces.  Further  in¬ 
creases  in  loading  caused  formation  of  new  cracks  on  the  bottom  and  the 
two  vertical  sides.  For  moderate  torsion  to  bending  ratios  a  crack 
began  on  the  vertical  face,  always  on  the  south  face  where  the  diagonal 
tension  stresses  due  to  flexural  shear  and  torsional  shear  were  addi¬ 
tive.  Finally,  when  torsion  was  oredominant  and  eccentricity  of  pre¬ 
stressing  force  large,  the  first  crack  appeared  on  the  top  face.  It 
should  also  be  noted  that  the  beam  cross-sectional  aspect  ratio  plays  a 
significant  role  in  the  location  of  the  first  crack;  contrary  to  the 
Series  A  (aspect  ratio  2:1)  where  the  first  crack  never  appeared  on  the 
top  face,  for  Series  C  (aspect  ratio  1:1)  cracking  on  the  top  face 
became  common.  This  is  not  surprising  since  in  an  elongated  cross- 
section  torsional  stresses  are  relatively  much  higher  on  the  vertical 
than  on  the  horizontal  faces  while  for  a  square  cross-section  stresses 
due  to  torsion  are  of  equal  magnitude  on  all  four  faces.  Similar  to 
crack  location,  angle  of  cracks  with  respect  to  the  longitudinal  axis 
is  primarily  influenced  by  the  loading  ratios  ip  and  6  and  the  beam 
geometry. 


Both  torsional  and  flexural  stiffness  gradually  decreased 
after  the  initial  cracking  had  been  reached.  Generally,  as  shown  in 
Figures  4.1  and  4.4,  the  loss  in  these  stiffnesses  was  more  pronounced 
for  the  hollow  beams  as  compared  to  the  solid  beams.  Comparisons  of 
load-deformation  curves  show  that  the  torsional  stiffness  increases  as 
the  torque  to  bending  ratio  decreases,  while  the  torsional  ductility 
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decreases  as  the  torque  to  bending  ratio  decreases.  On  the  other  hand, 
both  flexural  stiffness  and  flexural  ductility  increase  as  \p  decreases 
This  implies  that  torsional  and  flexural  stiffness  and  torsional  and 
flexural  ductility  in  the  postcracking  range  are  interdependent;  this 
is  in  contrast  to  the  precracking  behavior.  Data  shown  in  Table  4.3 
for  beams  of  group  BIS  suggest  that  both  the  torsional  and  flexural 
stiffnesses  increased  as  the  amount  of  web  reinforcement  was  increased; 
the  increase  being  much  higher  for  beams  subjected  to  predominant 
torsion. 


After  extending  across  the  tension  face  the  crack  propagated 
to  the  adjacent  two  faces  at  approximately  the  same  angle  as  it  began. 

As  tha  ultimate  load  was  approached  the  depth  of  the  uncracked  zone, 
which  was  located  adjacent  to  the  fourth  face,  decreases.  In  the  case 
of  predominant  bending  the  uncracked  zone  was  located  adjacent  to  the 
top  face  and  at  ultimate,  crushing  of  concrete  in  this  zone  was  observed 
However,  if  torsion  was  dominant  this  zone  was  located  adjacent  to  the 
vertical  north  face  or  the  bottom  face.  No  crushing  of  concrete  was 
observed  but  instead  cracks  appeared  in  this  zone  in  the  same  direction 
as  tension  cracking  described  above  resulting  most  likely  from  tension 
failure  of  the  concrete  subjected  to  a  combined  state  of  stress.  This 
contradicts  observations  of  many  researchers,  who  reported  crushing  of 
concrete  for  all  three  modes  on  one  hand,  and  on  the  other,  supports 
the  findings  of  those  investigators  who  could  not  observe  any  signifi¬ 
cant  compressive  strain  in  the  "compression"  zone.  In  this  investiga- 
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tion  an  attempt  was  also  made  to  measure  concrete  strains  using  mech¬ 
anical  Demec  points  but  no  measurable  compressive  strain  was  observed 
even  at  the  loading  stage  immediately  preceding  failure.  It  is  rea¬ 
sonable  to  believe  that  crushing  of  the  concrete  in  the  case  of 
moderate  or  predominant  torsion,  as  reported  by  some  researchers,  is 
not  a  failure  but  is  a  postfailure  phenomenon  occurring  only  after 
significant  loss  of  capacity  and  redistribution  of  internal  forces 
carried  by  concrete  and  reinforcement.  For  this  reason,  some  of  the 
fundamental  assumptions  involved  in  the  skew  bending  analysis  for 
ultimate  strength  of  beams  under  combined  loading  will  be  re-examined 
in  detail  in  Chapter  6.  Photographs  of  beams  at  failure  presented  in 
Appendix  C  also  reinforce  the  above  discussion. 

4.5  Interaction  of  Torsion,  Bending  and  Shear  at  Ultimate 

The  interaction  between  torsion,  bending  and  shear  at  ulti¬ 
mate  is  a  three-dimensional  problem  and  as  such  can  be  represented 
only  with  a  surface  in  a  three-dimensional  rectangular  coordinate 
system.  The  major  axes  of  such  a  coordinate  system  define  three  per¬ 
pendicular  planes;  torsion-bending,  torsion-shear  and  bending-shear, 
and  for  convenience,  only  intersections  of  the  interaction  surface 
with  these  planes  is  often  studied.  Thus  the  problem  of  a  three- 
dimensional  surface  is  reduced  to  a  series  of  two-dimensional  diagrams 
Intersection  of  these  diagrams  with  the  coordinate  axis  represents 
the  strength  of  a  beam  in  pure  torsion  T  ,  pure  bending  ,  or 
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pure  shear  V  .  While  it  is  easy  to  subject  a  beam  to  pure  torsion 
or  pure  bending,  it  is  impossible  to  obtain  shear  in  a  beam  over  a 
finite  length  in  the  absence  of  a  bending  moment.  This  implies  that 
the  interaction  between  torsion  and  shear,  and  bending  and  shear, 
cannot  be  obtained  experimentally.  For  this  reason  the  flexural  shear 
capacity  has  been  usually  defined  as: 

i.  The  theoretical  shear  strength  calculated  according  to 
ACI  equations,  or 

ii.  The  shear  force  acting  when  the  ultimate  flexural  capacity 
is  reached. 

Although  both  definitions  tend  to  distort  interaction  diagrams  near 
the  shear  axis,  the  second  definition  is  adopted  here  since  it  is  based 
on  tests. 


Torsion-bending  and  torsion-shear  diagrams  in  the  nondimen- 
sionalized  form  for  all  groups  of  beams  reported  in  this  investigation 
are  shown  in  Figures  4.6  through  4.9.  With  the  exception  of  a  few 
beams  in  Series  A,  it  can  be  observed  that  the  interaction  between 
torsion  and  bending,  and  torsion  and  shear  can  be  conservatively  rep¬ 
resented  by  the  following  expressions: 


(T  /T  )2  +  (M  /M  )2  = 

u  uo  u  uo 

(T  /T  )2  +  (V  /V  )2  = 

u  uo  u  uo 


(4.1) 


(4.2) 


The  above  equations  are  identical  to  that  proposed  by  Woodhead  and 
McMullen75.  Torque-bending  interaction  represented  by  Equation  4.1  has 
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FIG.  4.6  INTERACTION  BETWEEN  TORSION  AND  BENDING  AT  ULTIMATE,  SERIES  A 
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FIG.  4.9  INTERACTION  BETWEEN  TORSION  AND  SHEAR  AT  ULTIMATE,  SERIES  B  AND  C 


63. 


been  suggested  by  Henry  and  Zia29,  while  they  proposed  the  following 
relationship  for  the  torque-^shear  interaction: 


T  /T  +  V  /V  =  1 

U  UO  u  uo 


(4.3) 


It  should,  however,  be  noted  that  the  value  for  pure  shear 
Equation  4.3  has  been  defined  according  to  ACI1. 


V 

uo 


in 


Probably  the  most  complete  study  dealing  with  interaction  of 

5  8 

torsion,  bending  and  shear  has  been  done  by  Mukherjee  and  Warwaruk 
Although  somewhat  complex,  their  equation  for  the  curved  interaction 
surface  includes  explicitly  such  effects  as  level  of  prestress, 
concrete  strength  and  the  eccentricity  of  prestressing  force. 


' 
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CHAPTER  V 

CRACKING  STRENGTH,  THEORIES  AND  COMPARISONS 

5 . 1  Introduction 

Although  recent  design  approaches  have  been  concerned  mainly 
with  the  determination  of  ultimate  loads  that  structures  or  structural 
members  can  sustain,  in  some  cases  the  determination  of  the  cracking 
load  may  be  of  equal  importance.  For  example,  structures  exposed  to 
atmospheric  conditions  that  may  cause  corrosion  must  be  designed  to  be 
crack  free;  serviceability  rather  than  strength  requirements  will 
govern  the  design  of  water  tanks  or  other  similar  containers.  The 
necessity  for  a  cracking  analysis  is  even  more  pronounced  in  the  area 
of  prestressed  concrete  for  two  reasons:  first,  any  corrosion  is  more 
dangerous  here  than  in  reinforced  concrete,  and  second,  the  margin 
between  the  cracking  load  and  the  ultimate  load  could  be  very  small. 
For  example,  in  the  case  of  beams  that  are  lightly  reinforced  in  a 
transverse  direction,  in  which  torsion  dominates,  the  cracking  and  the 
ultimate  load  are  almost  identical. 

While  a  cracking  analysis  is  straightforward  in  the  case  of 
bending,  the  presence  of  torsion  makes  it  quite  complex,  since  the 
Navier  hypothesis  of  a  planar  cross-section  is  not  valid.  It  was  not 
realized  until  the  turn  of  this  century  that  the  shear  stresses  in  a 
member  subjected  to  torsion  can  not  be  solely  interpreted  by  circular 
shear  flow  (Saint  Venant  torsion)  but  also  may  be  caused  by  a  change 
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in  the  axial  stresses  (warping  torsion).  If  both  of  these  effects  are 
of  the  same  order  of  magnitude,  the  interaction  between  Saint  Venant 
torsion  and  warping  torsion  must  be  considered: 


T  =  T  +  T 
sv  w 


(5.1) 


where  Tgv  denotes  Saint  Venant  torsion  and  denotes  warping  tor¬ 

sion.  A  rigorous  analysis  of  warping  torsion  is  complex;  fortunately 
the  effect  of  this  component  does  not  dominate  the  behavior  of  most 
reinforced  or  prestressed  concrete  members,  particularly  in  the  case 
of  rectangular  solid  and  hollow  box  sections  (Figure  5.1).  Therefore, 
its  contribution  will  be  neglected  in  this  study. 


In  the  following  sections  available  theories  are  briefly 
reviewed  and  two  procedures  are  proposed.  One  is  based  on  the  elasto- 
plastic  behavior  of  concrete  and  includes  the  effects  of  principal 
stress  interaction  and  recognizes  stirrup  contribution.  In  the  other 
procedure  rectangular  cross-sections  are  treated  as  equivalent  ellip¬ 
tical  cross-sections  and  in  the  case  of  hollow  box  sections,  as  ellip¬ 
tical  tubes.  In  all  cases  only  combined  loading  (bending,  torsion, 
shear,  eccentric  prestress)  is  considered;  pure  torsion,  torsion  and 
bending  and  concentric  prestress  alone  constitute  only  special  cases 
and  can  be  easily  deduced  from  the  derived  formulas.  With  the  excep¬ 
tion  of  Section  5.3.1  where  principal  stress  interaction  is  taken  into 
account,  the  tensile  strength  of  concrete  is  taken  as  that  obtained 
from  the  cylinder  splitting  test. 


. 
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5.2  Available  Theories 


5.2.1  Elastic  Analysis 

According  to  this  analysis  concrete  is  assumed  to  be  an 
ideally  elastic  material,  therefore,  the  effects  of  combined  loading 
can  be  superimposed.  In  the  following  discussion  reference  is  made 
to  the  plane-stress  transformation  formulas61  shown  below: 


a  =  a/2  ±  Aa/ 2)z  +  xz 

max ,  mm 


(5.2) 


tan  (20)  =  t/  (a/2) 


(5.3) 


For  a  general  case  of  loading  a  crack  can  start  on  either 
the  vertical,  bottom  or  top  face;  therefore  all  three  locations  must 
be  examined,  as  discussed  below,  and  the  smallest  value  of  torque  re¬ 
presents  cracking  strength. 


Bottom  face:  Assuming  that  the  maximum  principal  stress  at 
failure  is  equal  to  the  cylinder  splitting  stress  (amax  =  f  )  anc* 
substituting  the  superimposed  values  of  normal  and  shear  stresses  from 
Figure  5.2a  into  Equation  5.2,  cracking  torque  can  be  obtained  as 
follows : 


f 

sp 


1 

2 


-  a  (1  +  £*> 

S  o  h 

x 


+ 


M 

S 


a  (1  + 

o 


2 


After  transposing  the  first  term  from  the  right  hand  side  to  the  left, 
squaring  both  sides  and  simplifying,  this  yields: 


sp 


-  f 


sp 


f-  -  a  (1  + 

S  o  h 

x 


=  (- 


3bh' 


r) 
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Substituting  M  =  T/^  and  solving  the  quadratic  equation  for  positive 
root  gives: 

Tcr  -  bh2%[- 16  +  B)2  +  F-(1+lr)  +  1  ]  (5-4) 

L  sp 

g 

where  superscript  B  refers  to  bottom  face.  Having  obtained  T  , 

cr 

shear  and  bending  at  cracking  can  be  found: 


M  =  TB  and  VB  =  2  TB  / (b6) 

cr  cr  cr  cr 


When  the  resulting  normal  and  shear  stresses  are  substituted  in  Equa¬ 
tion  5.3  the  inclination  of  the  initial  crack  with  respect  to  longi¬ 
tudinal  axis  is: 


eB 

cr 


tan 


-1 


2  TB  \p 

_ cr _ 

g[6  T®r  -  aobh2*  (1  +  jj%] 


(5.5) 


Side  face:  No  normal  stresses  due  to  bending  exist  in  this 
case,  however  shear  stresses  due  to  flexural  shear  will  be  present,  as 
indicated  in  Figure  5.2a.  Substituting  resulting  stresses  into  Equa¬ 
tion  5.2  gives: 


sp 


o  I  a 

--r+V<r 


T  3V  ' 

)  +  (— 


ahb 


2  2bh" 


or : 


a  2  a  2 

<£sp + 1>  --  <r>  +  (- 


T _  +  _3V) 

2  2bh' 


ahb 


Using  V  =  -77-  and  solving  above  equation  for  T,  the  following  equa 


tion  is  obtained: 
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hb2f 


s2. 


/I  +  a  /f 

°  sp 


cr 


(1/a  +  3/6) 


(5.6) 


where  the  superscript  S  refers  to  the  side  face.  The  inclination  of 


the  initial  crack  is  obtained  in  a  similar  way  to  that  described  above: 


0 


cr 


,  ,  2  A  +  a  /  f 

1-1  o  sp 

2  tan  — F7f - 


(5.7) 


o  sp 


Top  face:  A  similar  procedure,  to  that  described  for  the 
bottom  face  applies  here,  except  that  the  bending  stresses  are  of 
opposite  sign,  as  noted  in  Figure  5.2a.  The  following  equations  can 
be  directly  deduced  from  Equations  5.4  and  5.5: 


cr 


=  bh  0f 


sp 


+ 


V 


(1 


0)  + 


o 


sp 


(1  -  +  1 


(5.8) 


e 

cr 


\  tan  1 


T 

T  l(j 
crr 


0[6  T  +  a  bh  ip  (1 
cr  o 


6e 


)] 


(5.9) 


Essentially  the  same  formulas  in  implicit  form  for  cracking 
analysis  of  prestressed  concrete  rectangular  beams  under  combined  load¬ 
ing,  were  first  derived  by  Woodhead  and  McMullen75,  who  used  the  Mohr's 
circle  approach  rather  than  stress  transformation  formulas.  Torsional 
constants  a  and  0  for  a  rectangular  cross-section  are  shown  in 
Table  5.1.  Theoretical  predictions,  using  the  above  derived  equations, 
for  beams  reported  in  this  investigation  are  listed  in  Table  5.2  and  a 
detailed  discussion  is  given  in  Section  5.4. 

A  similar  procedure  can  be  used  for  any  cross-section,  Gen— 
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TABLE  5.1  TORSIONAL  CONSTANTS  FOR  RECTANGULAR 
CROSS-SECTION 


h/b 

a 

8 

Y 

1.0 

0.208 

0.208 

0.141 

1.2 

0.219 

0.196 

0.166 

1.4 

0.227 

0.184 

0.187 

1.6 

0.234 

0.174 

0.208 

1.8 

0.240 

0.169 

0.217 

2.0 

0.246 

0.155 

0.229 

2.5 

0.258 

0.135 

0.249 

3.0 

0.267 

0.120 

0.264 

5.0 

0.292 

0.079 

0.291 

10.0 

0.312 

0.042 

0.312 

00 

0.333 

0 

0.333 

B 

* 


A, 


T 

ab^h 


<!> 


TL 

yb3hG 
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erally,  for  shear  stress  distribution  due  to  torsion,  the  solution  of 
the  following  differential  equation  is  required: 


(5.10) 


where  F(x,y)  denotes  the  stress  function  in  Cartesian  coordinates, 

the  torsional  rigidity,  and  (j)  the  angle  of  twist  per  unit  length. 
Unfortunately,  this  differential  equation  has  been  solved  only  for 
relatively  few  shapes;  circle,  rectangle  (solid  cross-section),  ellipse, 
equilateral  triangle  and  a  segment  of  circle.  For  other  shapes,  numeric¬ 
al  procedures  in  conjunction  with  a  physical  model,  such  as  that  from 
the  membrane  analogy,  must  be  utilized.  This  analogy  is  credited  to 
Prandtl59  and  is  based  on  the  similarity  between  the  differential 
equations  for  torsion  and  a  pressurized  membrane  over  an  opening 
having  the  same  cross-sectional  shape  as  the  cross-section  subjected 
to  torsion.  In  this  analogy  torque  is  proportional  to  the  volume  under 
raised  membrane  and,  at  a  given  location  shear  stress  is  proportional 
to  the  slope  of  membrane. 


5.2.2  Plastic  Analysis 


According  to  this  theory  concrete  is  assumed  to  be  an  ideally 


plastic  material  and,  in  the  case  of  a  rectangular  cross-section  shear 
stress  is  given  by  the  following  equation: 


T 


(5.11) 


T 


max 


where : 


(5.12) 


' 
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Equation  5.11  has  the  same  form  as  the  one  based  on  elastic  theory,  the 

only  difference  being  in  the  magnitude  of  torsional  coefficients.  In 

Figure  5.3  these  coefficients  are  plotted  as  a  function  of  aspect  ratios 

h/b.  Comparison  of  values  of  T  would  reveal  that  the  plastic  theory 

max 

predicts  approximately  50%  higher  values  of  T  (and  therefore  T  ) 

max  cr 

over  elastic  theory.  Nevertheless,  a  literature  review  shows  that  these 
two  theories  are  equally  used.  To  recapitulate,  according  to  both 
theories  torque  can  be  expressed  as: 

T  =  ftkb2h  (5.13) 

where  the  torsional  coefficient  k  is  given  by  Equation  5.12  in  the 
case  of  plastic  theory  or  in  Table  5.1  (denoted  as  a)  in  the  case  of 
elastic  theory.  Since  concrete  is  neither  an  elastic  or  a  plastic 
material  it  is  not  surprising  that  test  results  always  fall  between 
values  predicted  by  the  elastic  and  plastic  theories.  Tensile  strength 
of  concrete  f  used  in  Equation  5.13,  is  usually  expressed  as  a 
function  of  compressive  stress  f ' ,  as: 

f  =  coef  /f1"  (5.14) 

t  c 

To  fit  experimental  results,  those  researchers  who  used  plas¬ 
tic  theory  have  taken  the  coefficient  in  Equation  5.14  as  low  as  4 
(Collins11)  or  5  (Barton  and  Kirk4),  whereas  those  who  believed  that  the 
elastic  behavior  is  more  appropriate  used,  for  the  same  coefficient,  a 
value  of  7.5  (Woodhead  and  McMullen75).  The  tensile  strength  of  concrete 
is  influenced  by  numerous  factors  including  mix  variables,  size  of  speci— 
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men  (strain  gradient) ,  type  of  loading  (tension-compression  interaction) , 
etc. ,  but  is  least  dependent  on  the  theory  used.  For  the  reasons  men¬ 
tioned  above  and  because  plastic  theory  represents  an  upper  bound 
solution  (which  is  not  on  the  side  of  safety)  it  is  not  used  herein  for 
predicting  cracking  strength  of  beams  subjected  to  combined  loading. 


5.2.3  Skew  Bending  Theory 

c  1  r  «  5  i 

Based  on  the  hypothesis  proposed  by  Lessig  ’  ,  Hsu  de¬ 

rived  the  following  equation  for  torsional  strength  of  a  rectangular 
longitudinally  reinforced  beam: 

T  =  j  bh2 (0.85  f  )  (5.15) 

Assuming  that  the  factor  0.85  f  represents  tensile  strength  under 
combined  loading.  Equation  5.15  can  be  directly  compared  with  both  the 
elastic  and  the  plastic  theories  (Equation  5.13).  Figure  5.3  shows 
that  Hsu’s  solution  is  bounded  by  the  two  classical  theories. 


2  4 

The  same  approach  has  been  extended  by  Gangarao  and  Zia  to 
include  torsion  and  bending.  The  general  case  of  torsion,  bending  and 
shear  in  prestressed  concrete  rectangular  beams  has  been  presented  by 


Henry  and  Zia 


2  9 


For  comparison,  the  final  governing  equations  derived 


0  Q 

by  Henry  and  Zia  are  shown  below: 


Bending  mode  (crack  starts  at  the  bottom) 

,  ,  3  f  +  (1  +  ^)  (1  -  cos  20) 

_  bh  sp  2  _ h _ 


cr 


(5.16) 


sin  20  +  ^-  (1  -  cos  20) 


The  value  for  0  corresponding  to  minimum  cracking  torque  is 


(W  t£  j rrJ  jo i  jir  *  rr<  1  n  J  3*'>'L  '•  u 

' 


Torsion  Coefficient 
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FIG.  5.3  COMPARISON  OF  TORSIONAL  COEFFICIENT  BY  DIFFERENT  THEORIES 
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found  by  differentiating  Equation  5.16  with  respect  to  6  and  equating 
to  zero,  yielding: 


cos  29  +  —  sin  20  f 

£  S£ 


(1+r> 


1  -  cos  20 


2  f 


sp 


(5.17) 


Crack  inclination  0  is  then  substituted  back  into  Equation  5.16  and 
cracking  torque  is  determined: 


Torsion  mode  (crack  starts  at  the  side) 
ft  +  aQ  [1  +  ^  (sgn)  ]  sin20 

Cr  sin  20  +  --[1~-(^n)3  sin  20  +  — -y  ?(sgn)  sin20  (5.18) 

b  h  2  b  h6  b  h  5 

where  sgn  can  take  a  value  of  +1  (crack  starts  at  the  bottom  of 
front  side)  or  0  (crack  starts  at  the  center  of  front  side) ,  and  z 
denotes  the  distance  between  the  failure  cross-section  and  the  support 
in  a  simply  supported  beam.  Inclination  of  the  initial  crack  0  is 
given  by  the  following  transcendental  equation: 


a  [1  + 

o  h 


6e 


(sgn) ] (1-cos  29)  - 


2  f^cos  20 


12  z  (sgn) 


2  2 
bhfi 


sin  20 


b2h 


3 [l-(sgn) ] 
2  b2h6 


(5.19) 


By  solving  Equations  5.18  and  5.19  for  (sgn)  =  1  and  (sgn) 

=  0,  and  choosing  the  smaller  of  the  two  values  the  cracking  torque  is 
determined.  For  an  aspect  ratio  of  1:2  good  correlation  between  test 
results  and  skew  bending  theory  has  been  reported  in  the  literature. 


but  for  a  cross-section  that  approaches  a  square,  this  theory  over 
estimates  cracking  capacity  significantly.  Comparison  of  test  results 
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in  this  investigation  with  skew  bending  theory  also  supports  the  above 
statement.  This  indicates  that  one  of  the  fundamental  assumptions  on 
which  this  theory  is  based  can  be  questioned:  formation  of  a  bending 
mechanism  on  an  inclined  plane,  prior  to  cracking.  Essentially,  this 
implies  that  a  crack  will  form  across  the  whole  tension  face  as  soon 
as  tensile  strength  is  reached.  On  the  contrary,  experimental  obser¬ 
vations  of  beams  subjected  to  combined  loading  clearly  show  (see 
photographs  of  crack  patterns  in  the  Appendix  C)  that  cracks  start  at 
the  center  of  either  the  bottom,  top  or  side  face  and  propagate  to¬ 
wards  the  edges  as  loading  is  increased. 

5.2.4  Statistical  and  Numerical  Procedures 

For  the  determination  of  factor  k,  shown  in  Equation  5.13, 

a  statistical  approach  based  on  test  data  was  first  used  at  the 

University  of  West  Virginia10’  57 .  Mukherjee  and  Kemp57  proposed  the 
equation  for  the  torsional  coefficient  as: 

k  =  0.4124(1  -  0.2333  b/h)  (5.20) 

s 

and,  subsequently,  Chander,  Kemp  and  Wilhelm10  derived  the  following 
quadratic  polynomial: 

k  =  0.4731(1  -  0.5924  b/h  +  0.2763  b2/h2)  (5.21) 

s 

It  is  interesting  to  note  that  both  equations  shown  above 
result  in  values  for  torsional  coefficient  which  are  closer  to  the 
plastic  solution  for  the  entire  range  of  practical  aspect  ratios.  In 
both  cases,  a  rather  low  value,  5  /f ^  ,  was  used  for  the  tensile 
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strength  of  concrete. 

It  has  been  mentioned  in  Section  5.2.1  that  the  governing 
differential  equation  for  torsion  cannot  be  solved  for  shapes  having 
re-entrant  corners  such  as  T,  L,  I,  H,  or  hollow  box.  Recourse  is 
often  made  to  numerical  procedures  such  as  finite  difference  or  finite 
element  methods  in  conjunction  with  physical  models  such  as  membrane 
analogy  (elastic  analysis)  and  sand  heap  analogy  (plastic  analysis). 
Wyss,  Gerland  and  Mattock  employed  a  two  dimensional  finite  element 
method  in  order  to  predict  the  cracking  strength  of  I-girders.  The 
finite  difference  technique  has  been  used  by  Johnston  and  Zia4 0  for 
hollow  cross-sections.  More  recently  Rao  and  Warwaruk66  utilized 
three-dimensional  hexadron  finite  elements  in  their  analysis  of  pre¬ 
stressed  I-girders  under  combined  loading. 

It  should  be  mentioned  that  shear  stresses  due  to  torsion 
found  by  any  of  the  above  methods  are  superimposed  with  those  caused 
by  flexural  shear,  bending  and  prestress  to  yield  the  general  state  of 
stress  to  which  a  failure  criteria  is  then  applied. 

In  summary,  it  should  be  noted  that  the  statistical  analysis 
does  not  offer  physical  interpretation  of  the  phenomenon.  On  the 
other  hand,  numerical  approaches  require  solution  of  a  large  number  of 
simultaneous  equations  and,  therefore,  cannot  be  conveniently  used  in 
everyday  design  practice. 
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5 . 3  Proposed  Theories 

5.3.1  Elasto-Plastic  Analysis 

5. 3. 1.1  General  Remarks  and  Assumptions;  In  this  section 

an  attempt  is  made  to  include  partial  plastif ication  of  a  cross-section 
subjected  to  torsion.  Although  this  effect  has  been  recognized  in  the 
case  of  bending,  it  also  needs  to  be  recognized  in  the  presence  of 
torsion  and  shear.  However,  if  flexural  shear  does  not  govern  cracking 
strength  it  is  reasonable  to  assume  that  the  shear  stresses  are  dis¬ 
tributed  elastically.  Similarly  the  effect  of  partial  plastif ication 
in  bending  can  be  included  indirectly  using  modulus  of  rupture  rather 
than  the  direct  tensile  strength  of  concrete. 

It  was  pointed  out  in  previous  sections  that  experimental 
results  do  not  correspond  to  purely  elastic  or  purely  plastic  behavior 
but  always  fall  between  these  two  solutions.  This  implies  occurrence 
of  some  plastic  regions.  Figure  5.4  shows  shearing  stress  distribu¬ 
tion  according  to  the  elastic,  the  plastic  and,  the  elasto-plastic 
solutions.  According  to  both  classical  theories  and  the  statistical 
analysis  cracking  torque  for  prestressed  concrete  beams  can  be  expres¬ 
sed  in  the  following  form: 

T  '=  kb2hf  A  +  O  /f  (5.22) 

cr  t  o  t 

where  the  coefficient  k  depends  on  the  analysis  used  and  the  cross- 
sectional  aspect  ratio,  h/b.  The  term  under  the  square  root  in 
Equation  5.22  denotes  effect  of  prestress.  In  order  to  study  the 


' 
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degree  of  plastif ication,  Equation  5.22  has  been  solved  for  k  and 
test  results  of  this  parameter  are  plotted  in  Figure  5.3.  It  can  be 
observed  that  the  test  results  are  close  to  the  plastic  solution  if 
the  aspect  ratio,  h/b,  is  equal  to  2;  those  beams  having  aspect  ratio 
of  1.5  and  1  are  closer  to  the  elastic  solution.  This  may  appear  con¬ 
trary  to  the  expected  behavior  since  in  the  case  of  a  square  cross- 
section  the  maximum  stress  is  attained  simultaneously  at  the  centers 
of  all  beam  faces,  whereas  in  an  elongated  cross-section  ’'yielding" 
will  start  first  at  the  centers  of  longer  sides.  In  order  to  explain 
this  phenomenon,  one  can  make  use  of  the  membrane  analogy.  Figure  5.5 
shows  a  schematic  view  of  membranes  stretched  over  a  square  cross- 
section  (Figure  5.5a)  and  over  a  slender  rectangular  cross-section 
(Figure  5.5b).  At  this  point  it  should  be  recalled  that  shear  stresses 
are  proportional  to  the  slope  of  a  membrane  at  a  given  location.  Pro¬ 
ceeding  from  the  middle  to  the  corners  along  the  edge,  it  can  be  visua¬ 
lized  that  the  slope  of  the  "dome”  (Figure  5.5a)  decreases  at  a  faster 
rate  than  the  slope  of  the  "cylindrical  shell"  (Figure  5.5b)  since  the 
slope  in  the  case  of  the  cylindrical  shell  is  nearly  constant  along 
this  edge.  This  indicates  that  in  the  case  of  a  rectangular  cross- 
section  yielding  will  be  attained  on  a  relatively  longer  length  and 
consequently,  this  cross-section  will  be  relatively  more  plastif ied  at 
cracking  than  a  square  cross-section. 

A  theoretical  analysis  of  a  beam  cross-section  subjected  to 
torsion  in  a  transition  between  elastic  to  plastic  state  is  extremely 
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FIG.  5.4  SHEARING  STRESS  DISTRIBUTION  IN  A  RECTANGULAR 
CROSS-SECTION  SUBJECTED  TO  TORQUE 


a)  "Dome"  for  square  cross-section 


b)  "Cylindrical  shell"  for  slender 
cross  section 


FIG.  5.5  MEMBRANE  ANALOGY  FOR  SQUARE  AND  SLENDER  CROSS  SECTION 
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difficult  for  all  cross-sections  except  the  circular  cross-section 
where  the  boundaries  between  the  elastic  and  plastic  regions  remain 
always  circular.  On  the  basis  of  experimental  data  shown  in  Figure 
5.3,  the  following  equations  for  torsional  coefficients  a  and  $ 
are  proposed  to  account  for  the  effects  of  partial  plastif ication: 

a  =  0.215  +  0.09  (h/b  -  1)  (5  ' 


B0p  -  0.215  +  0.03  (h/b  -  1) 


(5.24) 


where  is  used  for  the  determination  of  shear  stresses  on  the 

longer  side  and  3^  on  the  shorter  side  of  the  cross-section  as  noted 
on  the  sketch  in  Table  5.1.  Plotted  points  corresponding  to  elasto- 

plastic  behavior  in  Figure  5.3  are  calculated  using  measured  strengths 
for  beams  subjected  to  pure  torsion.  Since  Equations  5.23  and  5.24 
are  based  on  limited  test  data  they  should  be  applied  only  within  the 


following  limits  of  aspect  ratios: 

1  <  h/b  <  2 


(5.25) 


It  should  be  noted  that  most  of  the  practical  aspect  ratios  for  a  rec¬ 
tangular  cross-section  do  fall  within  above  limits,  being  close  to  1 
in  the  case  of  predominant  torsion  and  close  to  2  only  if  bending  and 
shear  are  present. 


5. 3. 1.2  Biaxial  Stress  Failure  Criteria:  A  considerable 
amount  of  discussion  is  available  in  the  literature  as  to  which  tensile 
strength  should  govern  the  cracking  of  a  beam  subjected  to  combined 
loading.  Hsu31  suggested  the  use  of  a  reduced  modulus  of  rupture,  while 
Johnston  and  Zia40  used  splitting  strength  on  the  basis  of  simi- 
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larity  between  states  of  stress  in  a  cylinder  under  splitting  test  and 
a  beam  subjected  to  combined  loading.  However,  most  of  the  investiga¬ 
tors  (Woodhead  and  McMullen75,  Mukherjee  and  Kemp57,  Barton  and  Kirk4, 
Rao  and  Warwaruk65)  have  expressed  tensile  strength  as  a  function  of 
cylinder  compressive  strength  as  shown  in  Equation  5.14.  None  of 
these  approaches  include  the  effect  of  loading  ratios  since  in  the 
case  of  predominant  bending  the  use  of  the  modulus  of  rupture  would 
be  more  appropriate,  whereas  in  the  case  of  combined  loading  or  tor¬ 
sion  alone,  interaction  between  principal  stresses  must  be  taken  into 
account  as  no  unique  tensile  stress  can  be  used  for  the  entire  range 
of  loading  ratios. 


Kupfer,  Hilsdorf  and  Rusch44  observed,  in  their  experimental 
investigation,  that  the  presence  of  compression  in  an  orthogonal  di¬ 
rection  would  reduce  tensile  strength  and  vice  versa.  Figure  5.6 
shows  their  experimental  results  in  the  form  of  nondimensionalized 
(with  f’)  interaction  diagrams,  where  0  and  a  .  denote, 
respectively,  tensile  and  compressive  stresses.  Since  the  proposed 
analysis  uses  a  continuous  biaxial  interaction  curve,  the  following 
interaction  equation  based  on  the  experimental  data  by  Kupfer,  Hilsdorf 
and  Rusch44,  is  suggested: 


(a 

max 


m(l  -  a  .  /f * ) 
mm  c 


(5.26) 


Equation  5.26  represents  a  family  of  second-degree  parabolas  since 
parameter  m  is  not  yet  defined.  As  mentioned  earlier,  one  of  the 
characteristics  of  the  splitting  test  is  that  concrete  is  under  a 
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biaxial  state  of  stress  with  compression  being  approximately  0.25  f* 
at  failure,  or: 


when,  G  =  f 

max  sp 


then,  a  .  =  0.25  f' 

mm  c 


Substituting  these  boundary  conditions  into  Equation  5.26,  parameter 
m  can  now  be  determined: 


m  = 


(f  /f 1 ) 
sp c 


1  -  0.25  f  7f  ' 
c  c 


or : 


m 


,  f  2 

3  ^f '  ' 
c 


(5.27) 


Substituting  Equation  5.27  into  Equation  5.26  yields  (Figure  5.6): 


G  2  .  f  2  o  . 

,  max.  4  ,  sp.  .  mm. 

'•£?  /  “  3  'f*  '  ^  ft' 

c  c  c 


(5.28) 


If  f  is  replaced  with  G  in  Equations  5.4,  5.6  and  5.8,  and 
sp  r  max  ’  * 

torsional  constants  a  and  3  ,  determined  in  the  preceding 

ep  ep 

section,  substituted  for  elastic  constants  a  and  6  ,  the  follow¬ 
ing  equations  for  cracking  torques  for  prestressed  concrete  beams 
under  combined  loading  are  obtained: 


("-  j  3  + V(7  3  ) 

ljj  ep  1  if)  ep 


tB  =  bh23  a  I  -  f  3  /  ■  „ 

cr  ep  maxi  ip  ep  i  if)  ep  G 


2  G  , 

+  -2-  (1  +  fpl  + 


max 


d 


hb2c  Jx  + 

max  1  G 

max 


cr 


a  5 

ep 


(5.29) 


(5.30) 
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TEST  RESULTS  BY  KUPFER, 
HILSDORF  AND  RUSCH44 


H - S3 - m  =  2050  psi 
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FIG.  5.6  STRENGTH  OF  CONCRETE  UNDER  COMBINED 
TENSION  AND  COMPRESSION 
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cr 


=  bh2e 
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ep  max 


[f  6ep  +  V 
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ep 
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max 


(1  -  %r> 

h 


+  1 


] 


(5.31) 


Essentially,  Equations  5.29,  5.30  and  5.31  are  deduced  from 

those  derived  in  Section  5.2.1  dealing  with  elastic  analysis.  However, 

they  include  the  effect  of  partial  plastif ication  of  cross-section 

since  torsional  constants  are  determined  according  to  Equations  5.23 

and  5.24.  More  important  they  include  the  effects  of  principal  stress 

interaction  at  cracking.  Since  tensile  stress  G  ,  is  unknown  in 

max 

these  equations,  an  iterative  procedure  as  outline  below,  is  used  to 

determine  G  : 

max 

1.  Assume  no  compression  stress  exists  (am^n  =  0)  and 

calculate  G  from  Equation  5.28. 
max 

2.  Calculate  cracking  capacities  according  to  Equations 
5.29,  5.30  and  5.31. 

3.  With  the  known  cracking  torque  and  loading  ratios 
(ip  and  6)  determine  bending  moment  and  flexural 
shear  at  cracking. 

4.  Find  stress  components  due  to  torsion,  bending,  shear 
and  prestress  and  calculate  principal  stresses  accor¬ 
ding  to  Equation  5.2. 

5.  Substitute  principal  stresses  from  4  into  Equation 

5.28.  Generally,  this  equation  will  not  be  satisfied 

after  the  first  iteration  because  two  principal 

stresses  exist  (from  step  4) ,  whereas  in  the  beginning 

(step  1)  G  .  was  assumed  as  zero. 
r  min 

6.  Reduce  G  by  an  increment,  go  to  step  2  and  repeat 

max 

the  procedure  until  Equation  5.28  is  satisfied  to  the 
desired  level  of  accuracy. 
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The  iterative  procedure,  outlined  in  the  above  steps,  is  graphically 
illustrated  in  Figure  5.6.  It  is  noted  that  the  process  of  determina¬ 
tion  of  the  state  of  stress  which  satisfies  Equation  5.26,  converges 
rapidly. 


Results  of  this  analysis  are  presented  in  Table  5.2  in 
columns  8  through  14.  It  is  interesting  to  compare  the  actual  tensile 
stresses  (column  13)  at  cracking  with  the  tensile  stresses  obtained 
from  the  splitting  test,  presented  in  Chapter  4.  This  procedure  was 
computerized  and  only  10  to  15  iterations  were  necessary  to  obtain  the 
desired  level  of  accuracy. 

5. 3. 1.3  Contribution  of  Stirrups:  Although  some  investi¬ 
gators40  have  noted  that  the  contribution  of  stirrups  to  the  cracking 
strength  may  be  significant,  no  attempt  has  been  made  so  far  to 
include  this  effect.  If  an  element  is  considered  on  the  side  of  the 
beam  at  the  level  of  neutral  axis,  according  to  rigorous  theory,  no 
strains  in  the  vertical  direction  should  be  recorded  under  bending 
torsion  and  shear.  However,  experimental  data  (see  strain  data  in 
Appendix  B)  does  not  support  the  above  statement,  implying  that  stress 
redistribution  occurs  prior  to  cracking*-  Figure  5.7  shows  that 
stirrup  strains  are  negligible  only  if  the  torque  is  less  than  about 

50%  of  T  On  the  basis  of  experimental  data  shown  in  Figure  5.7, 

cr 

it  is  assumed  that  the  following  relationship  exists  between  concrete 
tensile  strain  in  the  inclined  plane  and  strains  in  the  vertical 


stirrups : 


' 
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FIG.  5.7  STIRRUP  STRAINS  BEFORE  CRACKING 


£  COS  0 


(5.32) 


£ 

V 


where  £^  denotes  strain  in  vertical  leg  of  stirrup  and  £^_  tensile 
strain  of  concrete.  Using  an  average  value  of  0.00015  (Johnston41) 
for  £^_  ,  values  of  strains  in  vertical  legs  £^  are  found  from  Equa¬ 
tion  5.32  and  then  plotted  in  Figure  5.7.  Measured  strains  in  the 
stirrups  for  three  beams  subjected  to  torsion  are  also  shown  in  Figure 
5.7  and  a  comparison  can  be  made  between  these  strains  and  those  given 
by  Equation  5.32.  In  order  to  determine  contribution  of  stirrups  to 
the  cracking  strength,  the  number  of  stirrups  intersected  by  a  poten¬ 
tial  crack  has  to  be  found.  From  the  beam  geometry  following  rela¬ 
tionship  is  established: 


h' 

v  s  tan  9 


(5.32a) 


b' 

s  tan  0 


(5.32b) 


where 

sected 

Taking 

torque 


n  and  n,  denote,  respectively,  number  of  stirrups  inter- 
v  h 

by  a  potential  crack  on  vertical  and  horizontal  side  of  a  beam, 
moments  with  respect  to  the  longitudinal  axis  of  a  beam,  the 
due  to  presence  of  stirrups  is: 


n 


n. 


v  h 

T  =  E  E  £  .A  b'  +  E  E  £  ,A  h*  (5.33) 

cr.st  .  ,  st  v,i  st  .  ,  st  h,i  st 

’  i=l  i=l 


where  £  .  and  £,  .  are,  respectively,  strain  in  vertical  and  hori- 

v,i  h ,i 

zontal  i-th  stirrup  leg  intersected  by  a  potential  crack.  Assuming 
that  the  strain  distribution  is  parabolic  along  the  potential  crack 
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(Figure  5.8),  which  is  in  conformance  with  the  elastic  theory.  Equa¬ 
tion  5.33  can  be  written  as: 


T 

cr  ,st 


2  „  A 

■o  E  A 

3  st  st 


(neb'  +  n,  e,  h'  ) 
v  v  h  h 


(5.34) 


where  £ ^  and  now  denote  the  maximum  stirrup  strains  found  at  the 

mid  height  and  mid  width  of  a  stirrup,  respectively.  With  the  excep¬ 
tion  of  a  square  cross-section  subjected  to  pure  torsion,  £ and 
in  Equation  5.34  will  not  be  equal.  In  close  accordance  with  the 
elastic  theory  the  following  relationship  is  assumed  between  and 

e  : 

v 

£j£  =  b’/h’  (5.35) 

h  v 


If  Equations  5.32a,  5.32b  and  5.35  are  substituted  in  Equation  5.34, 
the  contribution  of  stirrups  to  the  cracking  torque  is  obtained  as: 


T 

cr  ,st 


~  E  A 
_2  st  st 

3  s  tan  0 


£ 

v 


(h*  +  b’) 


(5.36) 


Using  stirrup  strain  £ given  by  Equation  5.32  together  with  the 
following  simplifications: 


b'  =  0.8  b 
h’  =  0.8  h 


the  resulting  equation  is: 


T  =  0.43  E  A  £  b (b  +  h)  cos  0/tan  0  (5.37) 

cr  ,st  st  st  t 


If  a  crack  starts  on  the  shorter  side,  an  identical  equation  can  be 
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derived  providing  that  stirrup  strain  on  the  uncracked,  longer  side  is 
taken  as  the  stirrup  strain  on  the  shorter  side  multiplied  by  b'/h'. 
The  total  cracking  torque  can  now  be  taken  as  the  sum  of  the  torques 
carried  by  the  concrete  and  the  stirrups: 

T  =  T  +  T  (5.38) 

cr,tot  cr,concr  cr,st 

where  the  first  term  on  the  right  hand  side  of  Equation  5.38  is  given 
by  Equations  5.29,  5.30  or  5.31  and  the  second  by  Equation  5.37. 

Columns  8  and  9  in  Table  5.2,  respectively  list  the  values 
for  cracking  torque  as  predicted  by  this  theory  and  test  to  theory 
ratios.  Columns  10  through  14  show  some  additional  data  obtained  in 
this  analysis;  contribution  of  stirrups  to  the  cracking  strength, 
angle  of  inclination  of  tensile  crack,  crack  location  and  the  values 
of  the  principal  stresses  at  cracking.  A  detailed  discussion  is  given 
in  Section  5.4. 


5.3.2  Analysis  Based  on  an  Equivalent  Elliptical 
Cross-Section 

5. 3. 2.1  General :  From  the  proceeding  sections  it  is  ob¬ 

served  that  the  formulas  based  on  elastic  theory  are  simpler  in  form 
than  those  based  on  skew  bending  theory.  However,  in  order  to  use  the 
elastic  theory  torsional  constants  a  and  6  must  be  known.  Evalua¬ 
tion  of  these  coefficients  even  for  a  rectangular  cross-section 
represents  voluminous  work  since  the  solution  involves  infinite  series 
of  hyperbolic  functions.  In  the  usual  strength  of  materials  approach 
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these  values  are  tabulated  for  particular  aspect  ratios  and  interpola¬ 
tion  is  used  for  non-tabulated  ratios.  For  a  hollow  box  section  no 
exact  solution  exists.  A  few  researchers  have  suggested  a  "shear  flow" 
approach  which  makes  use  of  a  uniform  shear  stress  distribution  across 
the  wall  section,  which  in  turn  implies  complete  plastif ication  of  a 
cross-section  with  uniform  wall  thicknesses,  or  plastif ication  of  the 
thinnest  wall  in  the  case  of  cross-section  with  non-equal  wall  thick¬ 
nesses.  Since  reinforced  and  prestressed  concrete  members  .usually 
have  geometric  proportions  in  excess  of  those  to  which  thin-wall  theory 
applies,  assumption  of  a  shear  flow  state  for  them  may  not  be  justified. 

The  proposed  elasto-plastic  solution  for  cracking  strength 
under  combined  loading  includes  nonelastic  behavior  of  concrete  and 
interaction  of  principal  stresses  at  cracking,  but  because  it  is  an 
iterative  procedure  it  may  be  more  of  academic  than  practical  impor¬ 
tance. 

For  reasons  mentioned  above  it  is  proposed  that  the  solid 
rectangular  beam  cross-section  be  replaced  by  an  equivalent  elliptical 
section  as  shown  in  Figure  5.9a,  and  the  hollow  box  section  by  an 
elliptical  tube  shown  in  Figure  5.9b.  Shear  stress  distribution  due 
to  torsion  can  now  be  evaluated  using  the  elastic  theory  and  does  not 
require  the  use  of  torsional  constants  ot  and  6.  Referring  to 
Figure  5.9a  and  according  to  theory  of  elasticity,  shear  stresses  for 
a  solid  elliptical  cross-section  are  given  as: 

16T 


ub2h 


(5.39) 
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3 _ C 


T 

h'  h 


FIG.  5.8  CRACKING  STRENGTH  -  CONTRIBUTION  OF  STIRRUPS 


a)  Solid  cross-section  b)  Hollow  cross-section 


FIG.  5.9  EQUIVALENT  ELLIPTICAL  CROSS  SECTIONS  FOR  SOLID  AND 
HOLLOW  RECTANGLE 
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T 


B 


16T 

TTbh2 


or  for  elliptical  tube: 


(5.39a) 


16T 

TTbhc, 

h 


(5.40) 


T 


B 


16T 

ubh2c 


where : 


1- 


b, 

4 

h  1 

h 

h 

or  c,  =  1- 

b 

h 

h 

*—  -J 

L.  _ 

(5.40a) 


(5.41) 


whichever  is  greater.  From  Figure  5.9  it  can  be  observed  that  the 
contribution  of  the  corners  in  the  case  of  the  rectangular  cross- 
section  is  not  significant  and  an  approximation  of  it  with  an  ellipse 
is  on  the  conservative  side. 


In  the  following  sections  equations  are  derived  for  a  hollow 
cross-section  and  then  equations  are  deduced  for  a  solid  cross-section. 
It  should  be  noted  that  the  shear  stress  distribution  due  to  flexural 
shear,  and  normal  stresses  due  to  bending  moment,  for  both  the  solid 
and  hollow  cross-sections,  are  based  on  the  original  cross-section  and 
not  on  the  elliptical  cross-sections. 

5. 3. 2. 2  Hollow  Cross-Section:  First,  the  shear  and  normal 
stresses  are  found  at  the  centers  of  the  bottom,  top  and  vertical  sides. 

Shear  stresses  due  to  torsion: 

16T 

TTb2hc^ 


side  face 


T 
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bottom  or  top  face 


T  = 


16T 


7Tbh2c, 


Shear  stresses  due  to  flexural  shear: 


side  face 


VQ, 


T  = 


I,  C 

h  w 


bottom  or  top  face 


T  =  0 


Normal  stresses  due  to  bending: 

side  face 
bottom  face 


a 

a 


=  0 


M 


top  face 


G  =  - 


M 


Normal  stresses  due  to  prestress: 


side  face 


top  face 


bottom  face 


G  = 


G  =  - 


G  =  - 


eff 

>e£fa  -^) 


*h 


e£f(1  +^> 


\ 


Next,  these  stresses  are  superimposed  and  the  resulting  normal  and 
shear  stresses  are  substituted  in  Equation  5.2.  If  the  bending  moment 
and  shear  force  are  expressed  in  terms  of  torques,  the  following  equa¬ 
tions  for  cracking  torques  are  obtained: 


Bottom  face 


T  =  |  tt  —  S,  f 
cr  8  r^  h  sp 


r_  -Ji  S  +  Am  h 

L  16\p  rh  Y16^  rl 


2  G  eA^ 

L)  +  ~r~  a  +  tH1)  +  i 
i  sp  h 


(5.42) 


96. 


cr 


bl,  t  6 
h  w 


(5.43) 


Top  face 


The  smallest  of  three  torques  found  by  Equations  5.42,  5.43  and  5.44 
governs  the  cracking  strength  of  an  eccentrically  prestressed  beam 
subjected  to  combined  loading.  Theoretical  predictions  according  to 
this  analysis  and  comparisons  between  test  and  theoretical  values  are 
given  in  Table  5.4.  In  Section  5.4  a  detailed  discussion  is  presented. 

5. 3. 2. 3  Solid  Cross-Section:  Equations  derived  in  the 

preceding  section  can  be  easily  transformed  for  solid  cross-section  if 

appropriate  geometric  constants  (A,  S,  I,  etc.)  are  taken  for  a  solid, 

instead  of  a  hollow  cross-section.  According  to  Equations  5.41  and 

5.45  values  for  c,  and  r,  for  solid  cross-section  become  equal  to  1 

h  h 

and  three  equations  for  cracking  torque  ,  corresponding  to  first  crack 


at  the  bottom,  side  and  top  face  of  a  beam,  can  be  directly  deduced 
from  Equations  5.42,  5.43  and  5.44  as  shown  below: 
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Bottom  face 


T  =  -5-  TTSf 
cr  8  sp 


i|  +  V(W)2+'C-(1+S£)+1 


sp 


(5.46) 


Side  face 


b2hf 


‘cr  16/tt  +  3/6 


V 


1  +  G  /f 

o  sp 


(5.47) 


Top  face 


T  =  -=-  TTSf 
cr  8  sp 


3tt 

16\p 


(— — )  +  -5—  (1  _  — )  +  1 


sp 


] 


(5.48) 


The  smallest  torque  governs  cracking  strength  of  a  beam.  Predicted 
values  according  to  this  analysis  are  listed  in  Table  5.2.  A  discus¬ 
sion  of  these  predictions  is  presented  in  the  next  section. 


5 . 4  Comparative  Study 


Cracking  torques  for  solid  cross-sections  as  predicted  by 
four  different  theories,  namely  skew  bending  theory,  elastic  analysis, 
elasto-plastic  analysis  and  the  procedure  based  on  equivalent  ellip¬ 
tical  cross-sections  are  presented  in  Table  5.2.  Average  values  of 
the  test/theory  ratios  for  each  of  three  series  of  beams,  according 
to  each  of  the  above  theories  are  shown  in  Table  5.3.  For  rectangular 
hollow  cross-sections  the  equivalent  elliptical  tube  has  been  utilized 


TABLE  5.2  CRACKING  TORQUES  FOR  SOLID  CROSS-SECTIONS  BY  DIFFERENT  THEORIES 
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TABLE  5.2  (Cont'd)  CRACKING  TORQUES  FOR  SOLID  CROSS-SECTIONS  BY  DIFFERENT  THEORIES 
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TABLE  5.2  (Cont'd)  CRACKING  TORQUES  FOR  SOLID  CROSS-SECTIONS  BY  DIFFERENT  THEORIES 
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in  developing  cracking  strength  equations.  Theoretical  predictions 
according  to  this  analysis  together  with  test  values  are  shown  in 
Table  5.4.  A  brief  critical  examination  of  these  theories  and  a 
comparative  study  is  given  in  this  section.  No  values  for  flexural 
shear  and  bending  moments  at  cracking  are  listed  since  they  can  be 
easily  generated  knowing  the  torsion  to  bending  ratio  (ip)  and  the 
torsion  to  shear  ratio  (6). 

The  skew  bending  theory  is  in  good  agreement  with  test  re¬ 
sults  only  for  beams  of  series  A  (6"  x  12"),  while  the  difference 
between  test  and  theory  is  greater  for  beams  of  series  B  (8"  x  12") 
and  for  some  cases  of  beams  of  series  C  (12"  x  12").  For  beams  of 
series  C  skew  bending  theory  predicts  as  much  as  100%  higher  capacities. 
For  this  reason  the  skew  bending  theory  can  be  regarded  as  unsafe  and 
its  use,  particularly  for  cross-sections  that  approach  a  square,  can 
not  be  recommended.  It  would  appear  that  the  assumption  of  an  instan¬ 
taneously  extended  crack,  discussed  previously,  compensates  properly 
for  plastic  action  only  for  beams  having  an  aspect  ratio  approximately 
2:1.  Excluding  the  case  of  pure  torsion  (Equation  5.15)  formulas 
based  on  this  theory  are  rather  complex  and  require  the  simultaneous 
solution  of  two  equations,  one  for  cracking  torque  and  another  for 
crack  inclination. 

Contrary  to  the  skew  bending  theory,  elastic  analysis  always 
underestimates  cracking  strength.  This  can  be  expected  since  concrete 
is  not  an  elastic  material  and  some  portions  of  a  cross-section  become 
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TABLE  5.3  SUMMARY  OF  T  /Theory  VALUES  FOR  SOLID  X-SECTIONS 

test  J 


Series 

Skew 

Bending 

Theory 

Elastic 

Behavior 

Elasto- 

Plastic 

Behavior 

Equivalent 

elliptical 

cross-section 

A 

44  beams 

6"  x  12" 

0.948 

1.262 

1.034 

1.409 

B 

12  beams 

8"  x  12" 

0.899 

1.135 

0.970 

1.180 

C 

5  beams 

12"  x  12" 

0.794 

1.127 

1.028 

1.176 

TABLE  5.4  CRACKING  TORQUES  OF  HOLLOW  BEAMS 


Beam 

Test 

Results 

R 

(in. kips) 

Theory 

Equivalent 

elliptical 

cross-section 

T 

eq 

(in. kips) 

T  /T 
t  eq 

Group 

number 

2 

58.0 

47.1 

1.231 

3 

102.0 

92.1 

1.107 

BH 

4 

105.0 

111.9 

0.938 

5 

114.0 

112.2 

1.016 

6 

104.0 

112.2 

0.924 

Ave.  1.043 


2 

50.0 

56.3 

0.888 

3 

138.0 

122.9 

1.123 

CH 

4 

143.0 

175.9 

0.813 

5 

192.0 

194.0 

0.990 

6 

150.0 

166.5 

0.901 

Ave. 


0.943 
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plastified  (Figure  5.4c)  and  thereby  additionally  contribute  to  the 
cracking  strength  of  a  member.  Higher  discrepancies  between  this 
theory  and  test  results  are  observed  for  beams  of  series  A  than  for  B 
and  C  series,  as  noted  in  Table  5.3.  The  formulas  for  cracking  tor¬ 
ques  are  simpler,  but  they  involve  torsional  constants  a  and  $. 

The  effects  of  nonelastic  action  and  interaction  between 
principal  stresses  are  taken  into  account  in  the  analysis  described  in 
Section  5.3.1.  It  can  be  observed  from  Table  5.3  that  this  analysis 
is  in  very  good  agreement  with  the  test  values  for  all  ranges  of 
aspect  ratios. 

If  solid  or  hollow  rectangular  cross-sections  are  replaced 
by  elliptical  cross-sections  defined  by  inscribed  ellipses  the  need 
for  torsional  constants  a  and  3  is  eliminated.  This  procedure  is 
based  on  elastic  behavior;  however,  it  yields  more  conservative  re¬ 
sults  than  elastic  analysis  for  rectangular  cross-sections  since  the 
effect  of  corners  is  neglected.  Test  to  theory  ratio  is  highest  for 
a  2:1  aspect  ratio  and  lowest  for  a  square  cross-section.  In  the 
case  of  hollow  cross-sections  (Table  5.4)  agreement  between  tests  and 
theory  is  much  better  than  for  solid  cross-sections.  In  this  case 
the  effect  of  neglecting  the  contribution  of  outside  corners  is  com¬ 
pensated  by  rounding  of  inside  corners  as  shown  in  Figure  5.9b. 

5 . 5  Precracking  Stiffness 


The  precracking  torsional  stiffness  of  a  member  can  be  ex- 
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pressed  in  several  ways  similar  to  that  for  bending  where  an  initial, 
tangent  or  secant  modulus  is  used.  Of  these  the  secant  modulus  is 
most  commonly  used  and  accordingly,  in  this  study,  the  experimental 
value  of  torsional  stiffness  is  taken  as: 


K 


cr 


test 


(5.49) 


cr 


where  T  and  (b  are  those  values  of  torque-twist  curves  which 
cr  cr 


correspond  to  the  appearance  of  first  crack. 


The  theoretical  stiffness  for  a  solid  rectangular  cross- 
section  in  accordance  with  St.  Venant  theory69  is  given  by: 

K  _  =  yG  hb3  (5.50) 

rectangle  c 


where  y  is  given  in  Table  5.1  and: 

E 

G  =  _ 9 _ 

c  2(1  +  y) 

the  modulus  of  elasticity  for  concrete  E^  ,  as  defined  in  ACI  318-711 
is : 

E  =  57000  /fT 

c  c 

and  Poisson's  ratio  y  is  taken  as  0.16. 


Consistent  with  the  analysis  given  in  Section  5.3.2,  use  of 
elliptical  cross-sections  for  stiffness  evaluation  is  suggested.  Based 
on  theory  of  elasticity69  the  stiffness  for  an  elliptical  tube  is: 


K 


el , tube 


7T 

16  ch 


3  3 
b  h 

2  2 
b  +  h 


G 

c 


(5.51) 
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where  has  been  defined  previously  (Equation  5.41).  Equation  5.51 

can  be  easily  modified  for  a  solid  cross-section  since  c,  becomes 

h 


1: 


K 


el , solid 


TT 

16 


3  3 
bh 

2  2 
b  +  h 


G 

c 


(5.52) 


Theoretical  (Equations  5.50  and  5.51)  and  test  (Equation  5.49) 
values  for  the  torsional  stiffnesses  of  solid  cross-sections  are  listed 
in  Table  5.5.  Generally,  the  analysis  based  on  use  of  a  rectangle 
overestimates  test  values  while  that  based  on  an  ellipse  yields  smal¬ 
ler  values  as  compared  to  test  results.  Experimental  torque-twist 
curves  in  the  range  up  to  cracking  and  theoretical  values  of  stiffnes¬ 
ses  of  solid  beams  of  three  groups  are  shown  in  Figure  5.10.  Theoreti¬ 
cal  values  are  taken  as  average  values  for  each  group  shown  in  Table 
5.5.  This  essentially  implies  that  the  concrete  compressive  strength 
is  averaged  since  it  was  the  only  variable  in  each  group  of  beams. 

A  similar  comparison  can  be  made  for  hollow  beams.  Table 
5.6  shows  that  Equation  5.51  underestimates  the  experimental  stiffnes¬ 
ses  by  about  2%  for  the  CH  group.  Graphical  illustration  of  these 
comparisons  is  given  in  Figure  5.11. 
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TABLE  5.5  TORSIONAL  STIFFNESS  OF  SOLID  CROSS-SECTIONS 
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TABLE  5.6  TORSIONAL  STIFFNESS  OF  HOLLOW  CROSS-SECTIONS 


Beam  no. 

Test  values  (from  T— <f>  curves) 

Theory  (Eq.  4.51) 

T 

cr 

in-k 

(p 

cr 

rad  n6 

- -  x  10 

m 

K 

test 

k-in  n-6 

— 5 —  x  10 
rad 

K 

theory 

k-in  ^-6 

— j—  x  10 
rad 

K 

test 

^theory 

BH-2 

58 

31 

1.871 

1.530 

1.223 

BH-3 

102 

70 

1.457 

1.420 

1.026 

BH-4 

105 

60 

1.750 

1.499 

1.167 

BH-5 

114 

62 

1.839 

1.477 

1.245 

BH-6 

104 

65 

1.600 

1.530 

1.046 

Average 

1.703 

1.491 

1.141 

CH-2 

50 

20 

2.500 

3.184 

0.785 

CH-3 

138 

32 

4.313 

3.136 

1.375 

CH-4 

143 

41 

3.488 

3.280 

1.063 

CH-5 

192 

78 

2.462 

3.153 

0.781 

CH-6 

150 

49 

3.061 

3.470 

0.882 

Average  3.164  3.225  0.977 
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FIG.  5.10  PRECRACKING  TORSIONAL  STIFFNESS,  SOLID  CROSS  -  SECTIONS 
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(>j-  uj)  anbjox 


FIG.  5.11  PRECRACKING  TORSIONAL  STIFFNESS,  HOLLOW  CROSS-SECTION 
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CHAPTER  VI 

ULTIMATE  STRENGTH  -  THEORY,  EXPERIMENTS  AND  COMPARISON 

6 . 1  Introduction 

From  the  discussion  in  Chapter  2,  available  theories  for  the 
ultimate  strength  of  beams  subjected  to  combined  loading  include  the 
Truss  analogy,  the  Skew  bending  theory  and  the  Equivalent  thin  tube 
theory.  These  three  approaches  are  schematically  shown  in  Figure  6.1. 

It  should  be  noted  that  the  thin  tube  approach  has  been  used  for  the 
case  of  pure  torsion  only  and  attempts  at  predicting  postcracking 
torsional  stiffness  have  been  based  on  this  model11’  36 .  Elfgren18 
showed  that  Truss  theory  and  skew  bending  analysis  yield  the  same 
results,  providing  the  same  assumptions  and  simplifications  are  made 
in  both  cases.  He  used  the  method  of  virtual  work  in  deducing  this 
important  conclusion. 

In  this  chapter  the  skew  bending  theory  is  reviewed  with  the 
emphasis  on  failure  mechanism  and  failure  criteria.  Some  shortcomings 
and  limitations  of  this  theory  are  pointed  out  and  a  new  approach 
which  considers  the  torsional  component  on  the  inclined  uncracked  zone 
in  addition  to  bending  component  is  presented.  A  failure  criteria  for 
concrete  based  on  a  biaxial  state  of  strain  is  suggested  and  equations 
for  the  ultimate  torsional  strength  of  prestressed  rectangular  concrete 
solid  and  hollow  beams  subjected  to  combined  torsion,  bending  and  shear, 
are  developed.  Finally,  comparison  between  experimental  results  and 


. 


114. 


FIG.  6.1  THREE  APPROACHES  TO  THE  PROBLEM  OF  COMBINED  LOADING 
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theoretical  predictions  is  given. 


6 . 2  Remarks  on  the  Skew  Bending  Theory 


A  skew  bending  mechanism  is  defined  as  one  in  which  a  spiral 


crack  develops  on  three  faces  of  a  beam,  the  ends  of  which  are  joined 
by  an  inclined  compression  zone  on  the  fourth  face  as  shown  in  Figure 


6.1b.  Failure  is  reached  when  the  strain  in  the  compression  zone 


due  to  bending  MD ,  reaches  a  limiting  value.  Depending  on  beam 

p 

geometry,  amounts  of  transverse  and  longitudinal  reinforcements,  ip 
and  6  ratios,  the  compression  zone  can  be  located  adjacent  to  the 
top,  side  or  bottom  of  a  beam.  These  three  cases  shown  in  Figure  6.2 
are  commonly  referred  to  in  the  literature  as  mode  1,  mode  2  and  mode 
3.  That  mode  which  results  in  the  least  torque  governs  the  strength 
of  a  beam.  Torsional  capacities,  corresponding  to  each  mode  can  be 
obtained  if  the  total  moment  of  the  external  forces  about  the  com¬ 
pression  hinge  is  equated  to  M^: 


mode  1 : 


T 


(6.1) 


ip  cos  3  +  sin  3 


mode  2 : 


T 


(6.2) 


cos  3(1  +  1/6   2a/b6) 


mode  3 : 


T 


(6.3) 


ip  cos  3  -  sin  3 


where  T 


3 


theoretical  ultimate  torque 

angle  of  inclination  of  compression  zone  with  respect 
to  the  longitudinal  axis 


■ 
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FIG.  6.2  FAILURE  MODES  ACCORDING  TO  SKEW  BENDING  THEORY 


bending  capacity  in  the  inclined  direction 
torque  to  bending  ratio,  T/M 
torque  to  shear  ratio,  2T/bV 
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M 

3 

ip  = 

6  = 


Once  the  torque  is  determined,  bending  and  shear  can  be  calculated  as 
follows : 


M 


(6.4) 


V 


2T 

b6 


(6.5) 


The  above  analysis,  usually  referred  to  as  Lessig's  theory, 
is  applicable  only  for  under-reinforced  beams  in  which  both  longi¬ 
tudinal  and  transverse  steel  yield  prior  to  failure.  In  addition,  for 
a  skew  bending  analysis,  the  following  assumptions  are  normally  intro¬ 
duced  : 

(i)  tension  of  concrete  is  neglected 

(ii)  no  local  loads  are  present  within  length  of 
compression  zone 

(iii)  stirrups  are  uniformly  spaced  along  the  length 
of  the  beam 

(iv)  dowel  action  of  the  longitudinal  and  transverse 
reinforcement  is  neglected 

One  of  the  crucial  assumptions  in  Lessig's  theory  is  that 
concrete  in  the  inclined  compression  zone  reaches  full  flexural  strength. 
This  assumption,  however,  can  be  true  only  for  the  pure  bending  case. 

When  a  beam  is  subjected  to  a  combined  loading,  the  uncracked  zone  is 
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subjected  to  a  complex  state  of  stress.  The  term  "uncracked  zone"  is 
used  here  purposely  since  the  term  "compression  zone"  can  be  somewhat 
misleading,  because  concrete  in  this  zone  is  subjected  to  tension  as 
well  as  compression.  This  biaxial  state  of  stress,  which  is  actually 
a  simplification  of  a  more  general  triaxial  state  of  stress,  results 
from  forces  acting  on  the  skewed  surface  which  consist  of  not  only 

the  bending  component  M  ,  but  also  the  torque  T»  and  shear  Vc 

p  p  P 

shown  in  Figure  6.3.  Large  numbers  of  reinforced  concrete  beams  tes¬ 
ted  and  reported  in  the  literature  suggest  that  torque  TD  can  be 

P 

neglected.  However,  it  has  been  noted  by  some  researchers  that  this 
assumption  overestimates  beam  capacities.  Hsu34  modified  this 
analysis  by  assuming  a  planar,  not  a  warped  failure  surface,  or  in 
other' words,  he  assumed  that  the  tension  crack  on  the  two  sides  of  a 
beam  is  perpendicular  to  the  beam  corners.  This  implies  that  no 
stirrups  are  intercepted  by  the  tension  crack  on  two  sides  of  a  beam, 
resulting  in  no  contribution  from  these  stirrups  to  the  beam  strength. 
Hsu  noticed  that  beams  having  square  or  nearly  square  cross-sections 
did  not  obey  this  assumption.  The  experimental  findings  reported 
here  do  not  support  Hsu’s  assumption,  both  for  rectangular  (series  A 
and  B)  and  square  (series  C)  cross-sections.  Crack  patterns  shown  in 
the  photographs  in  Appendix  C  clearly  confirm  this.  It  is  justified 
to  examine  other  reasons  for  the  reduction  of  beam  capacities. 


In  the  late  sixties,  when  research  shifted  from  reinforced 
to  prestressed  concrete,  assumptions  applicable  to  reinforced  concrete 
when  extended  to  prestressed  concrete  resulted  in  unrealistic  predic- 
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FIG.  6.3  MODE  1  -  FREE  BODY  DIAGRAM 
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tions.  For  example,  in  an  attempt  to  analyse  beams  reported  herein, 
according  to  the  original  skew  bending  theory,  in  some  cases  the 
strength  was  overestimated  by  more  than  250  percent.  Faced  with  the 
above  problem,  researchers  in  North  Carolina24’  29 ’  40  in  their  ana¬ 
lysis  assumed  that  failure  of  a  beam  corresponded  to  yielding  of  the 
stirrups  or  longitudinal  steel,  whichever  came  first.  Therefore,  for 
each  mode,  two  cases  were  examined;  the  smallest  torque  governed  the 
strength  for  each  mode.  While  this  analysis  represents  a  step  ahead 
in  the  solution  to  this  problem,  it  is  difficult  to  justify  one  of 
its  main  assumptions,  i.e.,  steel  strains  at  failure  correspond  to 
first  yielding  strains;  recorded  strains  in  longitudinal  or  transverse 
steel  have  been  measured  much  higher. 


Evans  and  Khalil22  pursued  the  problem  in  a  somewhat  differ¬ 
ent  direction.  They  proposed  a  reduction  of  concrete  compressive 
strain  at  ultimate  as  follows: 


2 

£  =  £  (M  /M  ) 

c  cu  u  ub 


(6.6) 


where  £ 

c 


compressive  strain  in  concrete  in  combined  state 
of  stress 


£  =  compressive  strain  in  concrete  in  pure  bending 

cu 

M  =  ultimate  bending  in  combined  loading 


u 

M  ,  =  pure  bending  capacity 
ub 

Woodhead  and  McMullen75  further  reduced  strain  given  by  Equation  6.6  by 


£n  =  £  sin  3 

3  c 


assuming: 


(6.7) 


.  i 

■ 
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where  £ 


6 


concrete  strain  in  the  inclined  compression  zone 


£ 


c 


reduced  strain,  given  by  Equation  6.6 


6 


angle  of  inclination  of  compression  zone  with 
respect  to  longitudinal  beam  axis 


Rao  and  Warwaruk6 5  in  the  proposed  analysis  of  I-beams  used  the  fol¬ 


lowing  expression  for  concrete  strain: 


e 


c 


2 

£  sin  $ 
cu 


(6.8) 


It  should  be  noted  that  Equation  6.6,  6.7  and  6.8  are  of  an 


empirical  nature.  More  important,  these  expressions  have  been  proposed 
for  mode  1  only.  For  modes  2  and  3,  the  stress  block  for  pure  flexure 
was  suggested.  In  the  discussion  that  follows  it  will  be  shown  that 
the  torsion  component  on  the  inclined  zone  is  more  pronounced  for  mode 
2  and  mode  3  than  for  mode  1.  Consequently,  the  necessity  for  concrete 
strain  reduction  in  the  case  of  these  two  modes  is  more  justified  than 
for  mode  1. 

To  recapitulate  the  preceding  discussion,  consider  the  be¬ 
havior  of  a  beam  under  test.  Prior  to  test  a  grid  of  horizontal  and 
vertical  lines  is  plotted  on  the  tension  face  of  the  beam.  The  tension 
face  is  defined  here  as  that  face  which  lies  opposite  to  the  side 
where  the  compression  zone  is  located,  or,  one  where  first  cracking 
commences.  Figure  6.4a  illustrates  such  a  grid  on  the  side  of  a  beam, 
corresponding  to  mode  2.  For  simplicity,  consider  that  the  angle  of 
the  tension  crack  with  respect  to  the  longitudinal  axis  is  45  degrees. 


' 
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Of  primary  interest  is  the  direction  of  the  crack  opening  in  the  post¬ 
cracking  stage.  If  the  bending  component  above  is  present  in  the 
inclined  zone,  and  steel  stiffnesses  in  both  longitudinal  and  trans¬ 
verse  directions  are  the  same,  the  opening  will  take  place  perpendicu¬ 
lar  to  the  crack  as  shown  in  Figure  6.4b.  Because  the  crack  angle  is 
45  degrees,  "shifts"  between  lines  on  the  two  uncracked  sides  will  be 
the  same  in  longitudinal  and  transverse  directions.  It  is  important 
to  note  that  this  phenomenon  corresponds  to  the  original  skew  bending 
concept.  Because  of  the  presence  of  torsion  in  the  inclined  zone 
and  possible  differences  in  the  stiffnesses  of  transverse  steel  and 
longitudinal  steel,  the  opening  of  the  crack  may  take  place  in  a  manner 
shown  in  Figure  6.4c.  No  discontinuity  of  the  lines  in  the  transverse 
direction  is  observed  here.  On  the  other  hand,  a  large  amount  of 
stirrups  as  compared  to  longitudinal  steel  would  result  in  a  shift  in 
the  longitudinal  direction  shown  in  Figure  6.4d.  To  verify  these 
hypothetical  assumptions  a  square  grid  of  1  centimeter  was  made  on 
beam  BlS-6a,  on  the  south  face  of  the  beam,  since  mode  2  was  expected. 
Three  postcracking  stages  of  loading  are  shown  in  Figure  6.5.  This 
figure  clearly  indicates  that  a  sideway  shift  took  place,  rather  than 
one  corresponding  to  skew  bending.  It  should  be  remembered  that  this 
beam  had  light  stirrups  and  moderate  longitudinal  reinforcement.  From 
the  above  discussion  a  very  important  qualitative  conclusion  can  be 
drawn:  the  bending  component  on  the  inclined  zone  does  not  necessarily 

dominate  the  behavior  of  the  beam  subjected  to  combined  loadings. 
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FIG.  6.4  CRACK  OPENING  UNDER  COMBINED  LOADING 
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a 


c 


FIG.  6.5  CRACK  OPENING  UNDER  COMBINED  LODING  (BEAM  BlS-6a) 
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6 . 3  Proposed  Analysis 

6.3.1  General  Remarks 

In  the  preceding  sections  of  this  chapter  the  principles  of 
skew  bending  theory  were  examined  and  some  inconsistencies  were  poin¬ 
ted  out.  Examination  of  equilibrium  equations  on  the  plane  containing 
the  uncracked  zone  (3-plane)  would  give  not  only  the  bending  component 

M0 ,  but  also  the  torsional  component  T  ,  and  the  shear  V  .  Tradi- 

p  p  p 

tionally,  the  latter  two  components  have  been  neglected,  implying  that 

the  concrete  in  the  compression  zone  reaches  its  full  flexural  strength. 

In  the  proposed  analysis,  it  is  suggested  that  the  torsional  component 

T0  be  taken  into  account.  It  should  be  emphasized  that  this  compo¬ 

te 

nent  -is  not  only  of  academic,  but  also  of  practical  importance,  since 
it  can  dominate  both  strength  and  behavior  of  a  beam  under  combined 
loading.  In  the  following  section  its  magnitude  is  examined. 


6.3.2  Torsion  to  Bending  Ratio, 

The  resolution  of  the  external  force  and  couples  into  the 
3-plane  result  in  the  following  expressions: 
mode  1  (Figure  6.6a) 


M„  =  T  cos  3  +  M  sin  3 

p 


(6.9) 


T0  =  T  sin  3  -  M  cos  3 

P 


(6.10) 


V3  V 


(6.11) 


Using  the  torsion  to  bending  ratio  ip  ,  Equations  6.9  and  6.10  can  be 
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FIG.  6.6  TORSION  TO  BENDING  RATIO  ON  j3  -  PLANE 
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rewritten: 


Mg  =  M  ip  cos  3  +  M  sin  3 
Tg  =  M  ip  sin  3  -  M  cos  3 
Dividing  Equation  6.13  by  Equation  6.12  gives: 


(6.12) 

(6.13) 


Let : 


M, 


tan  3  -  1 

ip  +  tan  3 


(6.14) 


5T  "  * 


3 


(6.15) 


then : 


ip  tan  3~1 
ip  +  tan  3 


(6.16) 


In  a  similar  manner  this  ratio  can  be  found  for  mode  2  (Figure  6.6b): 


ipQ  =  tan  3 


and  for  mode  3  (Figure  6.6c): 


ip  tan  3  +  1 
^3  ^  -  tan  3 


(6.17) 


(6.18) 


It  is  interesting  to 
mode  1  it  can  have  a 


note  that  ipa  for  mode  2  is  never 
p 

zero  value.  From  Equation  6.16  it 


zero,  while  for 
follows : 


or : 


ip  tan  3  ~  1 

ip  +  tan  3 


ip  tan  3  =  1 


128. 


and:  ip  =  cot  8  (6.19) 

This  supports  the  idea  that  the  reduction  of  strain  is  more  important 
for  mode  2  than  for  mode  1.  To  illustrate  the  relationship  between  ip, 
ipg  and  8  >  Equations  6.16,  6.17  and  6.18  are  plotted  in  Figure  6.7. 

It  is  shown  in  Figure  6.7b  that  \p^  can  reach  values  higher  than  1, 
meaning  that  the  torsion  will  be  higher  than  bending  on  the  8-plane. 
Negative  values  of  ip ^  signify  that  one  of  the  couples  (bending  moment 
or  torque)  has  an  opposite  sign  of  that  assumed  in  Figure  6.6.  This 
corresponds  to  mode  3  failure  or,  for  example,  failure  that  occurs  in 
the  regions  of  applied  negative  bending  moments. 

6.3.3  Failure  Criteria  and  Stress-Strain  Characteristics 
for  Concrete 

Presence  of  bending,  torsion  and  shear  in  the  8-plane  implies 
the  existence  of  a  multiaxial  state  of  stress  in  the  uncracked  concrete 
zone.  Similar  to  the  cracking  analysis,  where  a  biaxial  state  of  stress 
was  used,  it  is  proposed  here  that  a  biaxial  state  of  strain  exists  at 
failure.  Figure  6.8  illustrates  the  assumed  principal  strain  inter¬ 
action  relationship.  Limiting  values  for  compressive  and  tensile 
strains  are  taken  as  0.0038  and  0.00015,  respectively.  The  first  re- 
presents  the  maximum  strain  in  Hognestad's  stress-strain  curve  ,  while 
the  second  (tensile  strain)  is  based  on  the  study  done  by  Johnston41. 

If  these  values  are  joined  by  a  second  degree  parabola,  the  resulting 
equation  is: 

e  2  =  5.921  x  10"6  (0.0038  -  £  )  (6.20) 

t  c 

where  =  principal  tensile  strain 

e  =  principal  compressive  strain 


region  of  probable  failures 


cn 

O) 

3 

CQ. 


a)  MODE  1 


FIG.  6.7  RELATIONSHIP  BETWEEN  i//,  ^  AND  j 3 
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0.0038  Strain 


FIG.  6.8  BIAXIAL  STRAIN  OF  CONCRETE 
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Failure  occurs  when  any  combination  of  principal  strains  satisfies 
Equation  6.20. 

In  Figure  6.8  stress-strain  curves  for  compression  and  ten¬ 
sion  are  also  shown.  They  are  given  only  to  supplement  the  biaxial 
strain  diagram.  Figure  6.9  defines  in  detail  the  stress-strain 
characteristics  of  concrete,  adopted  in  this  study.  While  a  number  of 
stress-strain  curves  for  concrete  in  compression  have  been  suggested 
in  the  literature,  probably  Hognestad's  curve30  is  most  realistic. 

On  the  other  hand  little  has  been  reported  in  the  literature  regarding 
the  stress-strain  relationship  of  concrete  in  tension.  It  has  been 
recognized,  however,  that  the  maximum  tensile  strain,  in  most  cases, 
is  between  0.0001  and  0.0002.  Researchers  also  agree  that  the  concrete 
in  tension  is  more  brittle  than  in  compression.  Although  a  nonlinear 
stress-strain  relationship  probably  exists  for  concrete  in  tension,  a 
simplified  relationship,  shown  in  Figure  6.9b,  is  suggested.  It  should 
be  recalled  from  Chapter  5  that  the  maximum  uniaxial  stress  does  not 
correspond  to  tensile  strength  from  the  splitting  test,  but  has  a 
somewhat  higher  value: 

f  =  2  f  //3  (6.21) 

t  sp 

where  f  =  tensile  stress  in  a  uniaxial  state  of  stress 

f  =  tensile  stress  obtained  from  splitting  test 
sp 

Equation  6.21  can  be  derived  from  Equation  5.28  if  f  is  substituted 

for  a  and  O  .  taken  as  zero, 
max  mm 


Stress  f+  4*  Stress  F 
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a)  COMPRESSION 


b)  TENSION 


c)  SHEAR 


FIG.  6.9  STRESS  -  STRAIN  CHARACTERISTICS  OF  CONCRETE 
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Since  shear  stresses  are  present  in  the  uncracked  zone,  a 
shear  stress-strain  relationship  needs  to  be  defined.  No  research  is 
available  in  this  area.  It  is  known  that  pure  shear  strength  approaches 
compressive  strength.  However,  in  all  practical  cases  actual  shear 
stress  reaches  only  a  fraction  of  maximum  pure  shear  stress  since  fail¬ 
ure  of  concrete  in  tension  would  precede  a  pure  shear  failure.  Con¬ 
sequently,  a  linear  stress-strain  relationship,  shown  in  Figure  6.9c 
is  suggested. 


6.3.4  Assumptions  of  the  Analysis 

The  following  assumptions  are  made  in  the  development  of 
equations  for  the  ultimate  torque  of  rectangular  prestressed  concrete 
solid  and  hollow  beams  subjected  to  combined  torsion  bending  and 
shear : 

1.  Failure  occurs  on  a  warped  surface,  whose  boundaries  are 
defined  on  three  sides  of  the  beam  by  a  spiral  crack,  and 
on  the  fourth  side  by  an  uncracked  zone  which  joins  the 
ends  of  the  spiral  crack. 

2.  The  crack  defining  the  failure  surface  on  three  sides  is 
composed  of  three  straight  lines  spiralling  around  the 
beam  at  a  constant  angle  with  respect  to  the  longitudinal 
beam  axis. 

3.  The  crack  inclination  0  can  be  found  using  one  of  the 
procedures  described  in  Chapter  5. 

4.  The  uncracked  zone  is  rectangular,  perpendicular  to  the 
uncracked  face  of  a  beam,  and  is  inclined  at  an  angle  3 
with  respect  to  the  longitudinal  beam  axis. 
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5.  Failure  occurs  when  the  combination  of  principal  strains 
in  the  uncracked  concrete  zone  satisfies  Equation  6.20. 

6.  The  contribution  of  concrete  subjected  to  tension  is 
neglected. 

7.  The  contribution  of  transverse  reinforcement  in  the 
compression  zone  is  neglected. 

8.  The  contribution  of  shearing  stresses  in  the  compression 
zone  is  considered. 

9.  Dowel  action  of  longitudinal  and  transverse  reinforcement 
in  the  tension  zone  is  taken  into  account. 

10.  The  stress-strain  characteristics  of  longitudinal  and 
transverse  reinforcements  are  known.  The  nonlinear 
portion  of  the  stress-strain  curve  for  prestressing  steel 
is  utilized.  Transverse  reinforcement  has  a  well  defined 
yield  plateau. 

11.  The  stress-strain  characteristics  of  the  concrete  in 
compression,  tension,  and  shear  are  known. 

12.  The  strain  perpendicular  to  the  8-plane  is  proportional 
to  its  distance  from  the  neutral  axis.  Components  of 
this  strain  (at  various  steel  levels)  in  both  longitu¬ 
dinal  and  transverse  directions  represent,  respectively, 
strains  in  the  longitudinal  and  transverse  reinforcement: 


H  = 

sin  8 

(6.22) 

£tr  = 

£  cos  8 

8 

(6.23) 

Assumptions 

1  through  4  define  the  failure  surface. 

They  are 

similar  to  the  assumptions  made  in  skew  bending  theory  and  are  strongly 
supported  by  experimental  observations. 
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Assumption  5  defines  the  failure  criteria  adopted  in  this 
analysis.  Although  additional  research  may  be  required  in  this  area 
it  is  felt  that  the  parabolic  strain  interaction  relationship  is  most 
appropriate  for  the  case  of  combined  loading.  This  assumption  paral¬ 
lels  the  assumed  stress  interaction  used  in  the  cracking  analysis. 
Essentially  it  represents  an  extension  of  the  maximum  compressive 
strain  concept  used  in  pure  flexure  or  combined  flexure  and  axial  load. 

Assumptions  6  and  7  are  introduced  to  simplify  the  analysis. 

Assumptions  8  and  9  relate  to  the  resisting  torque  and 

will  be  discussed  in  detail  later  in  this  chapter. 

Equations  for  reinforcement  stress-strain  curves  (assumption 
10)  are  given  in  Chapter  3. 

Stress-strain  characteristics  of  concrete  (assumption  11) 
are  based  on  the  work  of  Hognestad30,  and  Johnston41. 

Finally,  assumption  12  is  supported  by  work  done  by  Johnston 
and  Zia40,  and  Woodhead  and  McMullen75.  It  should  be,  however,  ob¬ 
served  that  no  simple  relationship  exists  between  strains  in  longitudi¬ 
nal  and  transverse  reinforcement  (see  discussion  in  Section  6.2); 
linear  relationship  is  assumed  in  order  to  simplify  analysis. 

6.3.5  Bending  and  Torsion  Transfer  on  g-Plane 

It  was  mentioned  previously  that  the  tensile  crack  propagates 
in  a  spiral  manner  as  loading  is  increased.  The  ends  of  the  crack 
define  the  uncracked  zone,  which  may  be  located  adjacent  to  the  top. 


. 
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side  or  bottom  face  of  the  beam  depending  on  whether  mode  1,  2  or  3 
dominates  beam  behavior .  For  every  assumed  depth  of  the  neutral  axis 
the  inclination  of  the  compression  zone  3  can  be  found  directly 
from  geometry.  From  Figure  6.10  the  following  relationships  can  be 
deduced : 

mode  1:  cot  3  =  —  — -^h  ~  a')  cot  0  (6.24) 

mode  2:  cot  3  =  ~~ +--2^b  ~  cot  3  (6.25) 

mode  3:  cot  3  =  — ■ —  2^h  cot  3  (6.26) 


where  a  =  depth  of  neutral  axis 

b  =  beam  width 

h  =  beam  height 


The  analysis  in  Section  6.3.2  shows  that  a  definite  rela¬ 
tionship  exists  between  \pot  ip  and  3.  This  means,  if  ip  and  3 

3 

are  known,  ipD  can  be  calculated  for  each  mode,  which  in  turn,  defines 

3 

torsion  to  bending  ratio  on  the  3-plane  (T^/M^) . 

The  problem  of  bending  transfer  (Figure  6.11)  does  not  require 
special  attention  since  the  rules  of  flexural  theory  apply:  for  any 
position  of  the  neutral  axis,  forces  perpendicular  to  the  3-plane  can 
be  equilibrated  and  the  corresponding  bending  moment  can  be 

found.  These  steps  are  analogous  to  those  for  the  determination  of 
moment-curvature  for  pure  flexure.  However,  there  is  a  difference 
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FIG.  6.10  RELATIONSHIP  BETWEEN  INCLINATION  OF  SPIRAL  CRACK  d  ,  AND  ANGLE 
OF  UNCRACKED  ZONE  0 
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since  for  every  position  of  the  neutral  axis  the  angle  8  changes, 
implying  a  different  width  of  compression  zone.  It  should  be  noted 
that  strains  in  both  longitudinal  and  transverse  steel  are  taken  as 
rectangular  components  of  the  corresponding  strain  in  the  8-plane 
(assumption  12) . 


Figure  6.12  shows  the  torque  on  the  8-plane  with  the 

unknowns  being  the  shear  force  taken  by  concrete  V  and  component  of 

c 

dowel  force  ,  which  is  parallel  to  8-plane.  It  is  assumed  that 

the  dowel  force  F^  is  located  at  the  intersection  of  longitudinal 
and  transverse  steel  on  the  tension  face  of  the  beam.  Other  dowel 
forces  due  to  stirrups  on  the  sides  are  neglected  since  their  magni¬ 
tudes  and  lever  arms  are  smaller.  To  find  and  F^  ,  two  equa¬ 

tions  can  be  established;  one  is  the  summation  of  forces  in  8-plane, 
in  the  direction  parallel  to  neutral  axis,  the  other  is  the  summation 
of  moments  about  the  axis  perpendicular  to  8-plane.  Of  course,  the 
right  hand  side  of  the  first  equation  will  be  equal  to  zero,  since  no 
external  loads  exist  in  the  direction  in  which  the  summation  is  taken; 
however,  in  the  moment  equation  the  right  hand  side  will  be  equal  to 

Td  which  itself  is  related  to  external  loads  as  given  by  the  equations 
P 

in  Section  6.3.2: 


n 

V  -F  -  E  F„  .  cos  8  -  F  sin  8=0 
c  d  .  .  £,i  t 

i=l 


(6.27) 


vc  I  -  Fddd  +  F*,i cos  e  Vi  +  Vv sln  6  +  Vv sin  6  -  TB 


(6.28) 


■ 
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FIG.  6.11  BENDING  ON  THE  INCLINED  /?  —  PLANE 


FIG.  6.12  MECHANISM  OF  TORSION  TRANSFER  ON  0  -  PLANE 
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where 


V 


c 


shear  force  carried  by  concrete  compression  zone 

component  of  dowel  force  in  the  direction  of  neutral 
axis 


F^  =  force  in  longitudinal  steel 

n  =  number  of  longitudinal  bars  or  prestressing  cables 

d^  =  distance  from  longitudinal  steel  to  neutral  axis 

F  =  total  tensile  force  in  stirrups  adjacent  to  tension 

face  of  the  beam 


d^_  =  lever  arm  of  F^ 

d,  =  dowel  force  lever  arm 
d 

F  =  total  force  in  stirrups  on  one  side  of  the  spiral 
v 

crack 


d  =  distance  between  stirrups  on  two  sides  of  the 
v 

spiral  crack,  equal  to  hf  for  mode  1  and  mode  3, 
and  h*  for  mode  2 

b',h'  =  centerline  width  and  height  of  a  closed  stirrup, 
respectively 

Multiplying  Equation  6.27  by  d^  and  adding  to  Equation  6.28  gives: 


V  (a/2  +  d.)  -  cos 
c  d 


3 


n 

Z 

i=l 


-  F  sin  3  (d  -  d.)  +  F  d  sin  3  - 
t  t  d  v  v 


(6.29) 


Xn  the  second  term  of  Equation  6.29  a  summation  has  to  be  carried  out 
since  forces  and  lever  arms  are  not  the  same  for  every  longitudinal 
bar  or  prestressing  strand.  If  this  summation  is  started  from  the  bar 
located  in  the  tension  corner,  then  d„  1 


denotes  distance  between 
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this  bar  and  the  neutral  axis.  Consequently,  the  following  simplifica¬ 
tion  can  be  made  without  any  significant  loss  of  accuracy: 

dM  =  dt  "  dd  <6-30> 


and  the  third  term  of  the  left  hand  side  of  the  Equation  6.29  will 
cancel  out.  For  i=l  the  second  term  will  be  equal  to  zero.  Equation 
6.29  can  then  be  written  as: 


n 


vc(a/2  +  d£)1)  -  cos  S  Z  FjiflWA>1  -  dM> 


(6.31) 


+  F  d  sin  8  =  T0 

v  v  3 


and 


Vc  -  (T  +  cos  6  Z  F  (d  -  d  ) 

1=2  * 


(6.32) 


-  Fvdv  sin  3) /(a/2  +  d£ 


Equation  6.32  is  completely  general  and,  therefore,  is  valid  for  any 
of  the  three  modes.  It  should  be  mentioned  that  forces,  lever  arms, 
depth  of  neutral  axis  and  angle  3  in  Equation  6.32  are  those  deter¬ 
mined  during  the  solution  of  M^. 

The  final  assumption  in  this  analysis  is  related  to  distri¬ 
bution  of  shear  force  V  in  the  concrete  compression  zone.  For 

c 

simplicity,  a  uniform  distribution  is  assumed  as  shown  in  Figure  6.12: 
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T  =  V  / (ab/sin  3) 

c  c 

for  modes  1  and  3.  For  mode  2,  b  has  to  be  replaced  with 

t  =  V  / (ah/sin  3) 

c  c 


(6.33) 
h,  i. e. : 

(6.34) 


where  a 
b 
h 

3 


depth  of  uncracked  zone 

width  of  a  rectangular  cross-section 

depth  of  a  rectangular  cross-section 

angle  of  inclination  of  compression  zone  with 
respect  to  longitudinal  beam  axis 


The  corresponding  shearing  strain 


can  be  found  as: 


T  /G 
c  c 


(6.35) 


where  G  denotes  shear  modulus  of  concrete.  The  normal  strain  £0 

c  3 

in  the  concrete  is  available  from  the  steps  involved  in  the  evaluation 
of  M  .  Principal  strains  can  now  be  calculated: 


£ 

max, mm 


V2 


V 


(£g/2)2+ 


<V2)' 


(6.36) 


Finally,  these  strains  can  be  compared  with  the  proposed  strain  inter¬ 
action  equation  (Equation  6.20)  and  checked  as  to  whether  or  not  the 
element  is  in  the  failure  state.  Details  of  the  interaction  steps  are 
included  in  the  following  sections. 
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6.3.6  Summary  of  the  Proposed  Analysis 


The  proposed  analysis  is  summarized  in  the  following  steps: 

1.  Obtain  inclination  of  first  crack  0  ,  using  one  of  the 
methods  described  under  cracking  analysis. 

2.  Assume  depth  of  neutral  axis,  a. 

3.  Calculate  inclination  of  compression  zone  $  (formulas 
6.24,  6.25  and  6.26). 


4. 

5. 

6 . 
7. 


By  varying  "curvature"  equilibrate  forces  perpendicular  to 
3-plane  and  find  bending  moment,  M^. 

Using  formulas  6.16,  6.17  and  6.18  find  torsion  to  bending 

ratio  on  the  inclined  plane,  i \)  . 

P 

Find  torsion  on  8-plane  using  Equation  6.15,  TD  =  ii0M0. 

p  p  P 

Find  shear  force  carried  by  concrete,  V  (Equation  6.32),  then 

c 

shearing  stress  (Equation  6.33  and  Equation  6.34)  and 
shearing  strain  (Equation  6.35). 


8.  Calculate  principal  strains  (Equation  6.36)  and  compare 
state  of  strain  with  the  parabolic  strain  diagram  (Figure 
6.8,  Equation  6.20).  Any  combination  of  strains  which  fall 
inside  the  interaction  diagram  (e.g.,  point  A  in  Figure 
6.8)  indicates  that  the  ultimate  state  has  not  been  reached; 
depth  of  compression  zone  should  be  decreased  and  all 
steps  from  3  onwards  repeated.  Any  state  of  stress  falling 
outside  of  the  interaction  diagram  (point  D,  Figure  6.8) 
indicates  that  the  solution  is  approached  from  the  upper 
bound;  depth  of  compression  zone  should  be  increased  and 
all  steps  repeated.  These  iteration  steps  are  to  be  continued 
until  the  desired  accuracy  is  reached. 


Calculate  torsional  capacity  using  formulas  6.1,  6.2  and  6.3, 


9. 
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then  bending  and  shear  capacity  using  Equations  6.4  and  6.5, 
respectively. 

The  major  steps  of  the  proposed  procedure  are  illustrated  in 
Figure  6.13,  where  the  solution  has  been  approached  from  the  lower 
bound.  Figure  6.14  shows  typical  iteration  paths  for  different  modes. 
If  the  iteration  is  started  using  a  deep  compression  zone,  small 
principal  strains  in  the  concrete  will  result.  As  the  depth  of  com¬ 
pression  zone  is  decreased  principal  strains  will  become  larger  until 
Equation  6.20  is  satisfied.  It  is  interesting  to  note  that  mode  1 
would  always  result  in  larger  compressive  strains  than  mode  2  or  3. 

On  the  other  hand,  modes  2  and  3  yield  higher  tensile  strains  than  mode 

1,  as  shown  in  Figure  6.14.  This  is  not  surprising  since  mode  1  is 
usually  associated  with  higher  bending  as  compared  to  torque  and  shear. 

A  slightly  different  approach  is  given  in  Figure  6.15  where 
the  maximum  compressive  strain  (0.0038)  is  assumed  first  and  depth  of 
neutral  axis  is  varied  until  the  forces  perpendicular  to  3-plane  are 
in  equilibrium.  It  should  be  remembered  again  that,  for  every  posi¬ 
tion  of  neutral  axis  angle  8  changes.  In  this  approach,  only  steps 

2,  3  and  4  described  in  the  preceding  paragraph  need  to  be  altered. 

With  the  assumed  maximum  principal  compressive  strain,  completion  of 
all  steps  in  the  first  iteration  will  result  in  a  state  of  strain 
which  does  not  satisfy  Equation  6.20  (Figure  6.12,  iteration  1)  since 
shearing  strains  are  also  present  in  the  compression  zone.  Consequent¬ 
ly  }  the  depth  of  compression  zone  has  to  be  decremented  and  the  process 


. 


curvature 
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FIG.  6.13  SCHEMATICAL  CONCEPT  OF  PROPOSED  PROCEDURE 
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FIG.  6.14  TYPICAL  ITERATION  PATHS  FOR  DIFFERENT  MODES 


Tensile  strain. 


- 


Depth  of  compression  zone. 
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Assumed  compressive  strain,  ec 


FIG.  6.15  ALTERNATE  PROCEDURE 


Tensile  strain. 


repeated . 


Both  approaches  yield  the  same  result.  Generally,  the  second 
is  somewhat  more  efficient  since  convergence  is  faster.  Modes  1  and 
3  in  the  computer  program,  presented  in  Appendix  D  utilize  the  second 
approach,  while  mode  2  is  based  on  the  first  approach. 

6.3.7  Concluding  Remarks  on  the  Proposed  Analysis 

The  proposed  biaxial  strain  failure  criteria  for  the  beams 
under  combined  loading  is  a  logical  extension  of  uniaxial  strain 
criteria  used  in  pure  flexure  or  compression.  To  account  for  the  bi¬ 
axial  state  of  strain  two  equations  are  utilized:  first,  summation  of 
torsional  moments  about  the  axis  perpendicular  to  the  3-plane  and 
second,  summation  of  forces  in  the  3-plane  in  the  direction  of  the 
neutral  axis.  It  should  be  noted  that  consideration  of  these  two  equa¬ 
tions  is  supplemented  by  another  two  equilibrium  conditions;  bending 
moments  about  neutral  axis  and  forces  perpendicular  to  the  3-plane. 
Therefore,  four  equilibrium  conditions  are  satisfied.  For  hollow  beams 
reported  here,  no  separate  procedure  is  necessary  since  the  compression 
zone  was  always  located  in  a  wall.  However,  for  thin-walled  beams  where 
the  neutral  axis  may  be  located  outside  compression  flange  (wall)  it 
is  suggested  that  the  contribution  of  shearing  stresses,  in  the  out¬ 
standing  flanges  of  a  channel-shaped  uncracked  zone,  be  neglected. 

The  assumed  uniform  shearing  stress  distribution  in  the  un¬ 
cracked  zone  is  not  correct  for  the  loading  stages  immediately  after 


■ 


149. 


cracking,  since  circulatory  (torsional)  shear  may  be  predominant. 
However,  as  failure  is  approached  a  state  of  shear  flow  will  be  reached. 


The  proposed  theory  would  considerably  overestimate  capaci¬ 
ties  of  beams  BlS-4b  and  BlS-6b.  Theoretical  values  for  these  beams 
are  given  in  brackets  in  Table  6.2.  Beams  BlS-2b,  BlS-4b,  and  Bls-6b 
contain  excessive  amounts  of  transverse  steel  (Chapter  3).  Studies  by 
Hsu34  and  McGee  and  Zia54  suggest  that  strength  cannot  be  increased 
with  an  excessive  increase  of  transverse  or  longitudinal  steel.  They 
suggested  the  following  limitation: 


0.7  <  m  <  1.5 


where : 

A&»  s 

m  "  A  (b'  +  h') 

=  total  area  of  longitudinal  steel 
=  area  of  one  leg  of  a  closed  stirrup 
s  =  stirrup  spacing 

b1  =  centerline  width  of  a  closed  stirrup 
h’  =  centerline  height  of  a  closed  stirrup 
The  actual  value  of  m  for  above  three  beams  is  0.42.  For  this  reason 
an  equivalent  stirrup  spacing  has  been  obtained  based  on  m  =  0.7  and 
theory  then  applied. 


6 . 4  Comparison  of  Experimental  and  Theoretical  Results 


In  order  to  verify  accuracy  of  the  theory  presented  in  this 


' 
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chapter ,  this  analysis  was  applied  to  eighty— four  beams  reported  in 
the  experimental  phase  of  this  investigation.  Tables  6.1,  6.2  and 
6.3  summarize  experimental  and  theoretical  results  for  series  A,  B 
and  C,  respectively.  Since  torsion  to  bending  ratio  (ip )  ,  and  torsion 
to  shear  ratio  (6)  are  known,  theoretical  values  for  bending  and  shear 
are  not  reported  here  for  the  case  of  combined  loading,  as  they  can 
be  easily  calculated  from  torques  and  loading  ratios.  Theoretical 
values  for  pure  bending  are,  however,  reported  in  column  7.  Test/ 
theory  values  for  bending  and  torsion  are  tabulated  in  columns  8  and 
10,  respectively.  In  columns  12  through  14  principal  strains  and 
stresses  of  concrete  in  the  compression  zone  at  failure  are  reported. 
It  is  interesting  to  observe  higher  tensile  strains  and  stresses  for 
modes  2  and  3  than  for  mode  1. 

Test /theory  values  are  in  a  range  of  1  ±  0.20  for  all  beams, 
indicating  good  correlation  between  experimental  and  theoretical 
results.  Table  6.4  gives  a  summary  of  average  test/theory  values  for 
all  three  series.  It  is  important  to  note  a  very  good  correlation, 
not  only  between  experimental  and  theoretical  results,  but  also  from 
two  other  aspects.  Table  6.4  shows  that  an  average  test/theory  value 
for  beams  subjected  to  bending  is  0.996  while  in  the  case  of  combined 
loading  is  1,008.  This  table  also  shows  that  a  uniform  accuracy  is 
obtained  for  all  three  modes  in  the  case  of  combined  loading.  It  is 
strongly  felt  that  the  excellent  correlation  in  all  aspects  resulted 
from  the  use  of  a  uniform  failure  criteria  over  the  entire  range  of 


loading  ratios. 
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TABLE  6.1  ULTIMATE  STRENGTH,  COMPARISON  OF  EXPERIMENTAL  AND  THEORETICAL  RESULTS,  SERIES  A 
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AVERAGE  TEST /THEORY  VALUES 


M  .M  , 

test/  theory 

Bending 

T  T 

test/  theory 

Combined  Loading 

Series  A 

1.120 

MODES 

1 

0.980 

1.018 

2 

1.057 

3 

Series  B 

0.945 

MODES 

1 

0.977 

1.004 

2 

0.995 

3 

1.041 

Series  C 

0.922 

MODES 

1 

0.932 

1.001 
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1.010 

3 

1.061 

0.996  1.008 
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CHAPTER  VII 
SUMMARY  AND  CONCLUSIONS 


7 . 1  Summary 

The  behavior,  cracking  and  ultimate  capacities  of  solid  and 
hollow  prestressed  concrete  beams  subjected  to  combined  torsion,  bend¬ 
ing  and  shear  have  been  studied  in  this  investigation.  In  the  experi¬ 
mental  phase  of  this  study,  tests  on  eighty-four  prestressed  beams 
were  performed  in  order  to  examine  the  effects  of  level  of  prestress, 
torsion-bending  and  torsion-shear  loading  ratios,  amount  of  longitudi¬ 
nal  and  transverse  reinforcement,  longitudinal  opening,  and  the  size  of 
cross-section.  The  analytical  phase  of  this  investigation  includes  an 
examination  of  available  theories  for  cracking  and  ultimate  strengths. 
Two  methods  for  cracking  analysis  are  proposed;  the  first  method  is 
based  on  the  biaxial  stress  criteria  for  concrete,  and  the  second  which 
is  more  straight  forward,  utilizes  equivalent  elliptical  cross-sections 
for  the  determination  of  torsional  shear  stresses.  Some  shortcomings 
of  the  commonly  used  theories  for  ultimate  analysis  are  pointed  out 
and  a  new  iterative  procedure,  based  on  the  biaxial  strain  criteria  is 
presented. 

7 . 2  Conclusions 

The  following  conclusions  and  recommendations  are  based  on 
the  results  of  this  investigation: 
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!•  Prestressed  concrete  beams  without  web  reinforcement  fail  im¬ 
mediately  after  occurrence  of  the  initial  crack,  while  beams 
with  web  reinforcement  have  considerable  strength  and  ducti¬ 
lity  beyond  cracking. 

2.  Depending  upon  the  cross-sectional  aspect  ratio,  magnitude 
and  eccentricity  of  prestress,  and  the  loading  ratios,  the 
initial  crack  can  develop  on  either  bottom,  side  or  top  face 
of  the  beam.  Cracking  at  the  bottom  generally  resulted  from 
predominant  bending,  at  the  side,  from  moderate  values  of 
torsion  to  bending  ratios,  and  at  the  top,  from  predominant 
torsion  and  high  eccentricity  of  prestressing  force. 

3.  The  precracking  torsional  and  flexural  stiffnesses  were  not 
significantly  influenced  by  loading  ratios,  ip  and  6  nor 
by  the  amount  of  web  reinforcement. 

4.  No  stirrup  strain  was  observed  up  to  approximately  50%  of  the 
cracking  strength,  however,  beyond  this  level  the  increase  in 
stirrup  strain  occurred  at  an  increasing  rate.  The  contribu¬ 
tion  of  stirrups  to  the  cracking  strength  can  be  assessed  if 
a  parabolic  strain  distribution  along  the  potential  crack  is 
assumed  and  the  tensile  strain  of  concrete  is  related  to  the 
strain  in  stirrups.  Since  an  elastic  stress-strain  rela¬ 
tionship  exists  in  the  reinforcement  at  the  cracking  stage, 
the  stirrup  contribution  to  the  cracking  strength  is  directly 
proportional  to  the  amount  of  web  reinforcement. 

5.  A  very  good  correlation  between  experimental  and  theoretical 
results  for  cracking  strength  can  be  obtained  if  the  failure 
criteria  for  concrete  is  based  on  a  biaxial  stress  interaction. 
This  criteria  was  used  in  conjunction  with  the  modified  elas¬ 
tic  theory  to  include  partial  "yielding"  of  the  cross-section 
at  cracking.  The  extent  of  the  yielded  regions  is  larger  for 
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elongated  cross-sections  than  for  square  or  nearly  square 

cross-sections.  More  data  is  needed  in  order  to  determine 

a  and  3  for  a  greater  range  of  cross-section  aspect 
ep  ep 

ratios. 

6.  Torsional  shear  stress  distribution  in  a  rectangular  or  hollow 
box  cross-section  can  be  determined  using  elliptical  cross- 
sections;  thus  the  use  of  torsion  constants  a,  $,  and  y 

is  avoided.  This  approach  is  particularly  useful  for  hollow 
box  sections  where  the  only  available  shear  flow  theory  can 
not  be  applied  since  geometry  of  reinforced  or  prestressed 
beams  does  not  conform  to  the  assumptions  of  thin-wall  theory. 

7.  The  cracking  strength  and  pre-cracking  stiffness  of  a  hollow 
beam  is  reduced  as  compared  to  a  similarly  reinforced  solid 
beam  implying  a  contribution  of  the  core  to  the  cracking 
strength  and  pre-cracking  stiffness.  However,  this  reduction 
is  not  very  significant,  indicating  an  excellent  efficiency 
of  hollow  beams  in  torsion  and  flexure.  On  the  other  hand, 
the  use  of  hollow  cross-sections  cannot  be  recommended  in  the 
presence  of  high  flexural  shear. 

8.  Experimental  torque-moment  and  torque-shear  interaction  rela¬ 
tionships  for  hollow  and  solid  cross-sections  have  been 
presented.  A  conservative  relationship  can  be  represented  by 
a  circular  arc  providing  that  the  ultimate  shear  is  defined 

as  shear  force  acting  when  ultimate  flexural  capacity  is  reached. 
It  should  be  stressed,  however,  that  this  is  only  true  for 
slender  beams  where  shear  does  not  dominate  behavior  and 
strength  of  a  beam. 

9.  The  eccentricity  of  prestressing  force,  in  the  case  of  predo¬ 
minant  bending,  is  beneficial  for  the  ultimate  capacity  and 
ductility  of  a  beam,  in  comparison  to  a  concentrically  pre¬ 


stressed  beam. 
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10.  The  effect  of  flexural  shear  in  a  member  is  to  reduce  ultimate 
strength  and  ductility  of  a  member  subjected  to  combined 
loading. 

11.  Similar  to  reinforced  concrete,  prestressed  concrete  solid 
and  hollow  beams  exhibited  the  skew  bending  mechanism  at 
failure.  The  failure  surface  was  formed  by  a  tensile  crack 
extending  across  three  faces  at  approximately  the  same  angle, 
and  the  uncracked  zone  was  located  adjacent  to  the  fourth 
face.  Depending  on  loading  ratios,  beam  geometry  and  relative 
amounts  of  transverse  and  longitudinal  reinforcement,  the  un¬ 
cracked  zone  can  be  located  adjacent  to  top,  side  or  bottom 
face  of  the  beam. 

12.  Proposed  biaxial  strain  failure  criteria  in  the  ultimate 
analysis  is  a  logical  extension  of  the  uniaxial  strain  criteria 
used  for  flexure  and  compression.  An  assumed  uniform  shear 
stress  distribution  in  the  uncracked  zone,  though  not  correct 
at  the  pre-cracking  or  at  the  stages  immediately  after  cracking 
can  be  justified  at  failure  since  the  depth  of  the  uncracked 
zone  at  failure  is  reduced  and  hence  circulatory  stresses  are 
also  reduced.  This  parallels  usual  assumptions  of  shear  stress 
distribution  in  a  steel  wide  flange  cross-section  subjected 

to  torsion;  concrete  in  the  uncracked  zone  acts  as  the  top 
flange  while  the  components  of  tensile  forces  in  reinforcement 
and  dowels  act  as  the  bottom  flange. 

13.  No  significant  difference  between  ultimate  strengths  of  solid 
and  similarly  reinforced  hollow  cross-sections  was  observed 
implying  that  the  neutral  axis  at  ultimate  was  located  in  a 
wall  of  a  hollow  cross-section.  However,  the  proposed  method 
can  handle  also  those  cases  where  the  neutral  axis  falls  out¬ 
side  the  wall  thickness;  for  the  determination  of  shear 
stresses  it  is  suggested  that  the  outstanding  flanges  of 


. 
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channel-shaped  uncracked  zone  be  neglected. 

14.  The  developed  equations  apply  to  underreinforced  and  moder¬ 
ately  overreinforced  beams,  however,  an  excessive  amount  of 
reinforcement  limits  their  use.  More  research  is  needed  to 
establish  the  limits  of  longitudinal  and  web  reinforcement 
for  beams  subjected  to  combined  loading. 

15.  If  flexural  shear  sominates  beam  behavior,  vertical  shear 
stresses  in  the  uncracked  zone  must  be  taken  into  account  in 
the  analysis.  Depending  on  the  ratio  of  these  vertical  shear 
stresses  to  the  shear-flow  stresses  (parallel  to  neutral  axis, 
those  considered  in  the  analysis)  and  normal  stresses,  use  of 
a  three  dimensional  failure  criteria  may  be  appropriate. 

This  would,  however,  require  detailed  study  of  the  complex 
mechanism  of  shear  transfer  in  a  cracked  concrete. 
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APPENDIX  A 

TEST  RESULTS  FOR  SERIES  B  AND  C 

Complete  test  results  for  each  beam  of  series  B  and  C  are 
presented  in  this  appendix.  Tables  A-l  to  A-32  contain  torques,  bend¬ 
ing  moments,  shears,  twists  and  deflections  for  each  increment  obtained 
in  the  experimental  phase  of  this  investigation.  In  essence,  this 
chapter  represents  detailed  information  for  series  B  and  C  as  compared 
to  that  in  Chapter  4  where  only  final  results  are  given.  Series  A  is 
not  included  here  for  two  reasons:  first  as  mentioned  previously, 
beams  of  this  series  were  not  instrumented  well,  and  second,  some  data 
for  this  series  is  available  elsewhere39*  7k. 

The  locations  of  twisting  meters  and  deflection  guages  are 
presented  in  Chapter  3. 

In  some  cases,  collapse  of  a  beam  occurred  as  final  readings 
were  being  taken;  therefore  some  information  is  missing  for  the  last 
increment  for  several  beams.  Increments  corresponding  to  first  crack¬ 
ing  and  ultimate  are  designated  in  these  tables  for  each  beam  using  a 
single  and  double  asterisk,  respectively.  With  the  exception  of  beam 
CH-6 ,  no  deflections  were  taken  for  beams  tested  in  pure  torsion; 
this  was  done  for  beam  CH-6  primarily  to  observe  upward  deflection, 
since  a  mode  3  was  expected.  Similarly,  for  beams  tested  in  pure 
bending  no  stirrup  strains  were  taken. 
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TABl.K  A-l 

TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  BS- 1 


Load 

Stage 

Torque 
(In. kips) 

Bond .M. 
(In. kips) 

Shear 

(kips) 

Twist 

(rad/tn  x  104) 

Deflections  (inches  x  10s) 

EaRt 

Center 

West 

0 

19 

0.02 

0 

0 

0 

1 

121 

1.57 

10 

15 

20 

2 

231 

3.23 

25 

35 

50 

3 

342 

4.91 

45 

65 

90 

4 

451 

6.57 

60 

95 

125 

5 

517 

7.57 

70 

120 

150 

6 

583 

8.57 

80 

140 

175 

7 

627 

9.24 

95 

150 

185 

8» 

671 

•9.91 

95 

160 

205 

9 

715 

10.57 

110 

180 

225 

10 

759 

11.24 

120 

195 

250 

U 

803 

11.91 

135 

225 

280 

12 

847 

12.57 

145 

245 

315 

13 

891 

13.24 

165 

280 

360 

14 

935 

13.91 

180 

315 

405 

15 

979 

14.57 

200 

350 

455 

16 

1023 

15.24 

210 

380 

520 

17** 

1067 

15.91 

240 

455 

610 

A  First  Crack 
**  Ultimate 


TABLE  A-2 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  BS-1S 


load 

Stage 

Torque 
(in. kips) 

Bend.M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  106) 

Deflections  (inches  x  10') 

East 

Center 

West 

0 

19 

0.02 

0 

0 

0 

1 

121 

1.59 

15 

25 

25 

2 

231 

3.23 

35 

55 

60 

3 

341 

4.90 

50 

80 

90 

4 

407 

5.90 

55 

100 

110 

5 

473 

6.90 

70 

120 

130 

6 

517 

7.57 

75 

130 

150 

7 

561 

8.25 

85 

140 

160 

8 

605 

8.90 

90 

155 

180 

9 

627 

9.23 

95 

160 

190 

10 

649 

9.57 

95 

170 

200 

11 

671 

9.90 

100 

175 

205 

12* 

693 

10.23 

100 

180 

215 

13 

715 

10.57 

110 

200 

220 

14 

759 

11.23 

125 

220 

245 

15 

803 

11.90 

135 

235 

270 

16 

847 

12.57 

145 

260 

305 

17 

891 

13.23 

155 

290 

350 

18 

935 

13.90 

175 

325 

395 

19 

979 

14.57 

195 

365 

465 

20 

1023 

15.23 

285 

550 

540 

21** 

1052 

15.67 

- 

- 

- 

*  First  Crack 
A*  Ultimate 
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TABLE  A-3 


TEST  RESULT?  -  OPSKKVIT)  DATA  FOR  BEAM  PS-2 


Load 

Stage 

Torque 
(In. kips) 

Bond . M . 
(In. kips) 

Shear 

(kips) 

Twist 

(rad /In  x  10* ) 

Deflections  (Inches  x  103) 

East 

Center 

West 

0 

0 

19 

0.01 

0 

0 

0 

0 

1 

8 

124 

1.56 

5 

15 

15 

25 

2 

17 

235 

3.21 

6 

25 

40 

50 

3 

25 

348 

4.88 

9 

40 

60 

85 

4 

34 

461 

6.56 

14 

50 

85 

115 

5 

39 

528 

7.56 

15 

65 

105 

135 

6 

44 

596 

8.56 

20 

70 

125 

160 

7 

48 

641 

9.23 

22 

80 

140 

125 

8 

51 

6S6 

9.92 

22 

85 

145 

190 

9* 

54 

731 

10.56 

25 

90 

165 

205 

10 

59 

798 

11.56 

28 

70 

165 

220 

11 

65 

866 

12.56 

36 

85 

190 

260 

12 

70 

933 

13.56 

38 

110 

255 

335 

13 

73 

998 

14.23 

48 

145 

305 

395 

14 

76 

1024 

14.90 

56 

165 

340 

460 

15 

80 

1068 

15.56 

59 

195 

390 

525 

16 

82 

1102 

16.06 

72 

205 

430 

600 

17 

84 

1125 

16.36 

73 

220 

470 

640 

18 

86 

1147 

16.73 

79 

235 

520 

710 

19** 

87 

1170 

17.06 

- 

- 

- 

*  First  Crack 
**  Ultimate 


TABLE  A-4 


TEST  RESULTS  -  OBSERVED  DATA  FOR  EEAM  BS-2S 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  106) 

Deflections  (inches  x  103) 

East 

Center 

West 

0 

0 

19 

0.02 

0 

0 

0 

0 

1 

12 

134 

1.77 

1 

10 

20 

25 

2 

24 

231 

3.23 

9 

25 

40 

50 

3 

34 

319 

4.57 

14 

35 

65 

75 

4 

44 

407 

5.90 

21 

45 

85 

100 

5 

49 

451 

6.57 

23 

55 

95 

120 

6 

53 

495 

7.23 

23 

55 

110 

130 

7* 

58 

539 

7.90 

27 

60 

120 

140 

8 

63 

583 

8.57 

33 

65 

130 

160 

9 

66 

605 

8.90 

35 

80 

140 

170 

10 

68 

627 

9.23 

35 

80 

150 

180 

11 

70 

649 

9.57 

36 

80 

155 

185 

12 

73 

671 

9.90 

37 

85 

165 

200 

13 

78 

715 

10.57 

42 

90 

175 

210 

14 

83 

759 

11.23 

48 

100 

190 

240 

15 

87 

803 

11.90 

53 

110 

225 

265 

16 

92 

847 

12.57 

57 

125 

240 

295 

17 

97 

891 

13.23 

65 

135 

275 

330 

18 

100 

913 

13.57 

68 

145 

305 

380 

19 

102 

935 

13.90 

78 

155 

330 

420 

20 

104 

957 

14.23 

84 

175 

365 

455 

21 

107 

979 

14.57 

90 

180 

390 

500 

22** 

109 

1001 

14.90 

- 

445 

570 

•  Plrat  Crack 
**  Ultimatu 


. 
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TABLE  A-5 


TEST  RESULTS  -  OBSERVED  DATA  FOR  RFAM  BS-3 


Load 

Stage 

Torque 
(In. kips) 

Bond .M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/ln  x  104) 

Deflect  1 

uns  (Inches  x  10s) 

East 

Center 

West 

0 

0 

13 

0.12 

0 

0 

0 

0 

1 

28 

102 

1.67 

10 

-10 

5 

25 

2 

57 

192 

3.34 

22 

30 

45 

55 

3 

79 

264 

4.67 

35 

40 

65 

75 

4 

91 

300 

5.34 

42 

45 

75 

95 

5 

102 

336 

6.01 

46 

45 

85 

110 

6 

113 

372 

6.67 

54 

50 

100 

120 

7 

125 

408 

7.34 

58 

55 

105 

130 

8 

136 

444 

8.01 

73 

60 

115 

140 

9* 

147 

480 

8.67 

76 

60 

125 

145 

10 

159 

516 

9.34 

88 

65 

135 

170 

11 

170 

552 

10.01 

99 

75 

160 

195 

12 

176 

570 

10.34 

109 

95 

180 

225 

13 

181 

588 

10.67 

119 

100 

205 

255 

14 

187 

606 

11.01 

140 

105 

215 

280 

15 

193 

624 

11.34 

151 

105 

235 

310 

16 

198 

642 

11.67 

168 

125 

265 

340 

17 

201 

651 

11.84 

185 

140 

295 

405 

18 

204 

660 

12.01 

202 

145 

320 

435 

19 

207 

669 

12.17 

225 

155 

345 

485 

20** 

210 

678 

12.34 

- 

- 

465 

- 

*  First  Crack 
**  Ultimate 


TABLE  A -6 

TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  BS-4 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  10s) 

Deflections  (inches  x  10s) 

East 

Center 

West 

0 

0 

10 

0.38 

0 

0 

0 

0 

1 

30 

23 

0.93 

7 

-55 

-55 

-50 

2 

45 

32 

1.27 

15 

-55 

-50 

3 

60 

40 

1.60 

20 

-60 

-55 

-45 

4 

75 

47 

1.93 

27 

-60 

-40 

-40 

5 

90 

56 

2.27 

37 

-60 

-45 

-40 

6 

105 

64 

2.60 

44 

-60 

-40 

-30. 

7 

120 

71 

2.93 

53 

-60 

-35 

-25 

8 

135 

80 

3.27 

62 

-65 

-30 

-20 

9 

150 

88 

3.60 

70 

-60 

-25 

-15 

10* 

165 

95 

3.93 

80 

-55 

-20 

-10 

11 

180 

104 

4.27 

92 

-55 

-15 

-  5 

12 

195 

112 

4.60 

105 

-45 

-10 

5 

13 

210 

119 

4.93 

122 

1 

O 

-  5 

15 

14 

215 

122 

5.03 

133 

-50 

0 

20 

15 

219 

124 

5.13 

143 

-50 

5 

25 

16 

225 

128 

5.27 

153 

-45 

5 

25 

17 

229 

130 

5.37 

194 

-45 

0 

25 

18 

231 

131 

5.40 

430 

-15 

20 

35 

19** 

232 

132 

5.43 

570 

+15 

40 

55 

*  Plrnt  Crack 
♦•♦Ultimate 


TABLE  A-7 


TEST  RESULTS  -  Pl^rRVlT)  DATA  FOR  BEAM  BS-5 


Load 

Stage 

Torque 
(in. kips) 

Bend  .M. 
(In. kips) 

Shear 

(kips) 

Twist 

(rad/ln  x  10‘) 

Deflections  (Inches  x  10s) 

East 

Center 

West 

0 

0 

6 

0.43 

0 

0 

0 

0 

1 

45 

8 

0.70 

16 

0 

0 

s 

2 

68 

10 

0.87 

30 

0 

5 

0 

3 

90 

12 

1.03 

37 

-10 

5 

5 

4 

104 

14 

1.13 

44 

-10 

-  5 

10 

5 

117 

15 

1.23 

52 

-20 

-  5 

5 

6 

130 

16 

1.33 

60 

-20 

-10 

5 

7 

140 

17 

1.40 

67 

-25 

-10 

5 

8 

149 

18 

1.47 

74 

-20 

-10 

5 

9 

158 

18 

1.53 

.  79 

-25 

-10 

5 

10 

167 

19 

1.60 

84 

-20 

-10 

5 

11 

176 

20 

1.67 

90 

-25 

-10 

5 

12* 

184 

21 

1.73 

101 

-25 

-10 

0 

13 

194 

22 

1.80 

110 

-25 

-15 

•5 

14 

203 

22 

1.87 

119 

-30 

-15 

5 

15 

212 

23 

1.93 

128 

-35 

-15 

5 

16 

221 

24 

2.00 

147 

-35 

-20 

0 

17 

225 

24 

2.03 

165 

-35 

-15 

0 

18 

230 

25 

2.07 

186 

-40 

o 

1 

5 

19 

234 

25 

2.10 

221 

-40 

-20 

0 

20** 

236 

25 

2.12 

- 

-40 

-55 

-25 

*  First  Crack 
**  Ultimate 


TABLE  A-8 

TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  BS-6 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  106) 

Deflections  (inches  x  105) 

East 

Center 

West 

0 

0 

9 

0.27 

0 

1 

45 

9 

0.27 

22 

2 

68 

9 

0.27 

46 

3 

90 

9 

0.27 

64 

4 

104 

9 

0.27 

72 

5 

117 

9 

0.27 

88 

6 

130 

9 

0.27 

105 

7 

140 

9 

0.27 

125 

8 

149 

9 

0.27 

135 

9* 

158 

9 

0.27 

151 

10 

167 

9 

0.27 

153 

11 

168 

9 

0.27 

164 

12 

170 

9 

0.27 

160 

13 

176 

9 

0.27 

179 

14 

176 

9 

0.27 

184 

15 

184 

9 

0.27 

191 

16 

194 

9 

0.27 

217 

17 

197 

9 

0.27 

264 

18 

202 

9 

0.27 

253 

19** 

203 

9 

0.27 

326 

20 

185 

9 

0.27 

509 

*  First  Crack 
**  Ultimate 
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TABLE  A-9 

TEST  RESULTS  -  ORsTKVF.n  DATA  FOR  BFA.M  Bll-l 


Load 

Stage 

Torque 
(In. kips) 

Bend .M. 
(In. kips) 

Shear 

(kips) 

Tvist 

(rad/ In  x  10*) 

Deflections  (inches  x  10*) 

East 

Center 

West 

0 

17 

0.07 

0 

0 

0 

1 

119 

1.62 

10 

25 

20 

2 

229 

3.28 

• 

30 

55 

55 

3 

339 

4.95 

50 

90 

85 

4 

405 

5.95 

60 

100 

110 

5 

449 

6.62 

60 

120 

120 

6 

493 

7.28 

70 

130 

140 

7* 

537 

7.95 

75 

145 

160 

8 

581 

8.62 

0 

85 

155 

180 

9 

625 

9.28 

90 

180 

205 

10 

669 

9.95 

100 

200 

240 

11 

713 

10.62 

115 

230 

260 

12 

757 

11.28 

130 

260 

320 

13 

801 

11.95 

150 

295 

365 

14 

845 

12.62 

165 

335 

430 

15 

867 

12.95 

180 

380 

470 

16 

889 

13.28 

190 

395 

500 

17 

911 

13.62 

210 

440 

570 

18** 

933 

13.95 

- 

- 

615 

*  First  Crack 
**  Ultimate 


TABLE  A- 10 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  BH-2 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Tvist 

(rad/in  x  106) 

Deflections  (inches  x  10 3 ) 

East 

Center 

West 

0 

0 

17 

0.08 

0 

0 

0 

0 

1 

12 

118 

1.63 

6 

10 

25 

25 

2 

24 

226 

3.29 

11 

25 

50 

55 

3 

34 

313 

4.63 

17 

40 

70 

85 

4 

44 

399 

5.96 

19 

45 

90 

110 

5 

49 

443 

6.63 

23 

50 

110 

130 

6 

53 

486 

7.29 

27 

60 

120 

140 

7* 

58 

529 

7.96 

31 

70 

135 

160 

8 

63 

573 

8.63 

36 

75 

145 

175 

9 

68 

616 

9.29 

40 

80 

170 

200 

10 

73 

659 

9.96 

47 

90 

190 

230 

11 

78 

703 

10.63 

57 

100 

210 

260 

12 

83 

746 

11.29 

81 

115 

240 

300 

13 

87 

789 

11.96 

93 

120 

270 

345 

14 

92 

833 

12.63 

117 

145 

310 

385 

15 

95 

854 

12.96 

133 

150 

325 

415 

16 

97 

876 

13.29 

157 

165 

360 

455 

17 

99 

887 

13.46 

167 

175 

380 

485 

18 

100 

898 

13.63 

175 

180 

395 

505 

19 

101 

908 

13.79 

182 

190 

410 

525 

20 

102 

919 

13.96 

191 

195 

425 

545 

21 

103 

930 

14.13 

198 

200 

445 

570 

22** 

104 

941 

14.29 

- 

- 

590 

•  First  Crack 
**  Ultimate 
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TARLK  A-ll 

TFST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  Rll-3 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 

( In. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  10*) 

Deflections  (Inches  x  105) 

East 

Center 

West 

0 

0 

16 

0.11 

0 

0 

0 

0 

1 

28 

109 

1.66 

11 

10 

20 

25 

2 

57 

209 

3.32 

26 

30 

50 

55 

3 

79 

389 

4.66 

40 

40 

75 

85 

4 

91 

329 

5.32 

49 

40 

90 

90 

5* 

102 

369 

5.99 

56 

45 

95 

110 

6 

113 

409 

6.66 

70 

55 

110 

125 

7 

125 

449 

7.32 

104' 

65 

135 

150 

8 

130 

469 

7.66 

125 

70 

145 

165 

9 

136 

489 

7.99 

142 

$0 

155 

190 

10 

142 

509 

8.32 

167 

S5 

170 

205 

11 

147 

529 

8.66 

198 

90 

195 

235 

12 

153 

549 

8.99 

235 

105 

225 

270 

13 

159 

569 

9.32 

301 

115 

260 

270 

14** 

164 

589 

9.66 

- 

- 

- 

- 

*  First  Crack 
**  Ultimate 


TABLE  A-12 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  BH-4 


Load 

Stage 

Torque 
(in. kips) 

Bend ,H. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  106) 

Deflections  (inches 

x  10s) 

East  | 

Center 

West 

0 

0 

10 

0.31 

0 

0 

0 

0 

1 

15 

15 

0.52 

6 

5 

15 

5 

2 

30 

25 

0.86 

14 

10 

15 

5 

3 

45 

33 

1.19 

21 

10 

10 

15 

4 

60 

42 

1.52 

30 

15 

15 

25 

5 

75 

52 

1.86 

37 

20 

20 

30 

6 

90 

60 

2.19 

47 

20 

20 

35 

7 

97 

65 

2.36 

56 

20 

25 

35 

8* 

105 

69 

2.52 

60 

15 

25 

40 

9 

112 

74 

2.69 

69 

20 

30 

40 

10 

120 

79 

2.86 

81 

15 

35 

50 

11 

128 

83 

3.02 

95 

20 

35 

50 

12 

135 

87 

3.19 

105 

15 

40 

55 

13 

142 

92 

3.36 

117 

20 

40 

60 

14 

150 

96 

3.52 

127 

15 

40 

60 

15 

157 

101 

3.69 

146 

15 

45 

65 

16 

165 

106 

3.86 

157 

20 

45 

70 

17 

173 

110 

4.02 

180 

20 

4S 

75 

18 

177 

113 

4.12 

262 

15 

50 

75 

19 

180 

114 

4.19 

299 

20 

45 

75 

20 

183 

116 

4.26 

354 

30 

45 

75 

21** 

185 

117 

4.29 

460 

25 

50 

75 

22 

179 

118 

4.31 

• 

, 

*  Flrot  Crack 
**  Ultlmato 
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TAr.tr  A- 11 


test  rr;:m.TS  -  nnnnvrji  data  r<>n  utAt*  rjt-5 


IavI 

Stap.e 

Torque 

(In.klp*; 

Kervl.M. 

( In.klpn) 

Shear 
(kl pn) 

Twine 

(rnd/ln  x  10*) 

0c  1  lection*  One  lice 

«  io’> 

K/lhC 

Center 

Went 

0 

0 

12 

0.25 

0 

0 

0 

0 

1 

30 

20 

0.46 

12 

-  5 

5 

5 

2 

48 

28 

0.66 

22 

0 

10 

5 

3 

60 

33 

0.30 

30 

-  5 

5 

10 

4 

72 

38 

0.93 

37 

-  5 

5 

10 

5 

78 

40 

1.00 

38 

0 

5 

15 

t 

84 

42 

1.06 

42 

-  5 

0 

10 

7 

90 

45 

1.13 

44 

-  5 

5 

5 

8 

96 

43 

1.20 

48 

-10 

5 

10 

9 

102 

50 

1.26 

53 

-10 

5 

10 

10 

108 

52 

1.33 

56 

-10 

5 

10 

11* 

114 

?S 

1.60 

62 

-  5 

5 

15 

12 

120 

57 

1.66 

65 

-  5 

5 

15 

13 

126 

59 

1.53 

69 

-  5 

5 

10 

14 

132 

62 

1.60 

80 

-  5 

5 

10 

IS 

138 

65 

1.66 

96 

-  5 

5 

10 

16 

144 

67 

1.73 

107 

-10 

5 

15 

17 

150 

70 

1.80 

116 

-15 

5 

15 

18 

156 

72 

1.86 

125 

-10 

5 

10 

19 

162 

75 

1.93 

128 

-15 

5 

15 

20 

168 

77 

2.00 

141 

-20 

5 

15 

21 

174 

77 

2.06 

201 

-25 

0 

10 

22 

177 

81 

2.10 

231 

-25 

-  5 

15 

23 

179 

82 

2.13 

262 

-25 

-  5 

10 

24 

182 

83 

2.16 

286 

-25 

-in 

10 

25 

186 

85 

2.20 

331 

-25 

-10 

10 

26** 

189 

86 

2.23 

405 

-25 

-15 

5 

»  Flrat  Crack 
»»  Ultima:* 

TABLE  A-14 


TEST  RESULTS  -  OBSERVED  DATA  FORBEAMRH-6 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  10*) 

Deflections  (inches 

x  10*) 

East 

Center 

Vest 

0 

0 

6 

0.19 

0 

1 

45 

6 

0.19 

19 

2 

68 

6 

0.19 

32 

3 

90 

6 

0.19 

47 

4* 

104 

6 

0.19  • 

53 

5 

117 

6 

0.19 

65 

6 

130 

6 

0.19 

85 

7 

140 

6 

0.19 

102 

8 

149 

6 

0.19 

137 

9 

152 

6 

0.19 

154 

10 

155 

6 

0.19 

163 

11 

157 

6 

0.19 

174 

12 

160 

6 

0.19 

186 

13 

165 

6 

0.19 

193 

14 

168 

6 

0.19 

207 

15 

172 

6 

0.19 

236 

16 

174 

6 

0.19 

231 

17 

176 

6 

0.19 

302 

18 

179 

6 

0.19 

367 

19 

181 

6 

0.19 

458 

?<v>* 

182 

b 

0.t9 

604 

"*  Klrat  Crack  *•  Ultlmrta 


179 


TABLE  A-15 


TKST  RESULTS  -  OHSLHVKI)  HATA  FOR  ll LAM  B!S-2n 


Load 

Stage 

Torque 
(in. kips) 

Bend .M, 

( In. kips) 

Shear 

(kips) 

Twist 

( rail / 1  n  *  10*) 

Deflections  (lnche 

x  10*> 

East 

Center 

West 

0 

0 

19 

0.02 

0 

0 

0 

0 

1 

5 

56 

0.57 

- 

0 

15 

15 

2 

8 

78 

0.90 

- 

0 

15 

25 

3 

10 

100 

1.23 

4 

5 

15 

30 

A 

14 

123 

1.57 

5 

10 

25 

35 

5 

15 

145 

1.90 

6 

10 

30 

40 

6 

18 

167 

2.23 

9 

10 

35 

50 

7 

21 

190 

2.57 

7 

15 

40 

50 

8* 

23 

212 

2.90 

10 

20 

45 

60 

9 

26 

234 

3.23 

11 

25 

50 

75 

10 

31 

279 

3.90 

15 

35 

85 

105 

11 

33 

301 

4.23 

19 

45 

100 

135 

12 

36 

324 

4.57 

22 

50 

125 

155 

13 

39 

346 

4.90 

27 

65 

145 

19S 

14 

41 

368 

5.23 

33 

85 

190 

255 

15 

42 

379 

5.40 

38 

90 

210 

290 

16 

44 

391 

5.57 

46 

100 

235 

335 

17 

45 

401 

5.73 

54 

115 

270 

380 

18 

46 

413 

5.90 

58 

125 

295 

415 

19 

48 

424 

6.07 

69 

140 

340 

475 

20 

49 

435 

6.23 

78 

155 

385 

540 

21** 

50 

446 

6.40 

- 

195 

470 

675 

*  First  Crack 
**  Ultimate 


TABLE  A-16 

TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  BlS-2b 


Load 

Stage 

Torque 
(in. kips) 

Bend.M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  10s) 

Deflections  (inches  x  10*) 

East 

Center 

West 

0 

0 

19 

0.02 

0 

0 

0 

0 

1 

5 

56 

0.57 

- 

5 

10 

10 

2 

8 

78 

0.90 

- 

5 

10 

15 

3 

10 

100 

1.23 

- 

10 

20 

25 

4 

14 

123 

1.57 

4 

10 

20 

35 

5 

15 

145 

1.90  ‘ 

5 

10 

30 

35 

6 

18 

167 

2.23 

7 

15 

35 

45 

7 

21 

190 

2.57 

7 

15 

40 

55 

8* 

23 

212 

2.90 

10 

25 

45 

60 

9 

26 

234 

3.23 

10 

25 

55 

70 

10 

31 

279 

3.90 

14 

35 

85 

100 

11 

36 

324 

4.57 

14 

60 

130 

175 

12 

39 

346 

4.90 

23 

65 

165 

215 

13 

41 

368 

5.23 

31 

90 

200 

270 

14 

44 

391 

5.57 

35 

110 

250 

335 

15 

45 

401 

5.73 

42 

125 

290 

350 

16 

46 

413 

5.90 

51 

140 

325 

435 

17 

43 

424 

6.07 

53 

160 

365 

495 

18 

49 

435 

6.23 

59 

135 

425 

590 

19** 

50 

446 

6.40 

- 

- 

-  . 

- 

*  First  Crack 

**  Ultlaate 


• 
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TABLE  A-17 


TEST  RESULTS  -  OBSERVED  DATA  FOR  RFAM  R1R-4n 


Load 

Stage 

Torque 
(In. kips) 

Bend .M. 

( In. kips) 

Shear 

(kips) 

Tv!  st 

(r.id/ln  x  104) 

Deflections  (Inches  x  10J) 

East 

Center 

West 

0 

0 

19 

o.os 

0 

0 

0 

0 

1 

12 

31 

0.29 

0 

0 

5 

0 

2 

24 

52 

0.63 

4 

0 

5 

5 

3 

36 

71 

0.96 

10 

5 

15 

10 

A 

48 

91 

1.29 

16 

5 

25 

20 

5 

54 

101 

1.46 

17 

5 

25 

20 

6 

60 

112 

1.63 

23 

5 

25 

30 

7 

66 

121 

1.79 

28 

10 

25 

30 

8 

72 

131 

1.96 

30 

10 

30 

30 

9 

78 

145 

2.13 

33 

15 

35 

35 

10 

84 

151 

2.29 

40 

15 

40 

45 

11 

90 

161 

2.46 

46 

15 

45 

50 

12* 

96 

172 

2.63 

48 

15 

45 

50 

13 

102 

181 

2.79 

54 

15 

50 

55 

14 

108 

191 

2.96 

64 

20 

60 

65 

15 

114 

202 

3.13 

75 

20 

65 

75 

16 

120 

211 

3.29 

98 

25 

75 

95 

17 

126 

221 

3.46 

154 

35 

100 

125 

18** 

132 

232 

3.63 

- 

- 

- 

- 

*  First  Crack 
**  Ultimate 


TABLE  A-18 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  31S-4b 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Tvist 

(rad/in  x  106) 

Deflections  (inches  x  103) 

East 

Center 

West 

0 

0 

18 

0.10 

0 

0 

0 

0 

1 

24 

50 

0.65 

19 

5 

5 

10 

2 

36 

68 

0.98 

16 

5 

10 

15 

3 

48 

87 

1.31 

22 

5 

15 

25 

4 

60 

107 

1.65 

30 

10 

25 

35 

5 

72 

125 

1.98 

37 

10 

25 

40 

6 

84 

144 

2.31 

46 

15 

30 

45 

7 

90 

154 

2.48 

51 

10 

35 

50 

8 

96 

164 

2.65 

57 

15 

40 

55 

9* 

102 

173 

2.81 

62 

15 

40 

60 

10 

108 

182 

2.98 

68 

20 

45 

65 

11 

114 

192 

3.15 

73 

20 

50 

75 

12 

120 

201 

3.31 

eo 

25 

60 

85 

13 

126 

211 

3.48 

93 

30 

65 

100 

14 

132 

221 

3.65 

106 

30 

80 

105 

15 

138 

230 

3.81 

125 

40 

90 

130 

16 

144 

239 

3.98 

148 

45 

115 

160 

17 

150 

249 

4.15 

172 

55 

135 

190 

18 

156 

258 

4.31 

211 

60 

160 

225 

19 

162 

268 

4.48 

256 

75 

185 

270 

20 

168 

278 

4.65 

315 

85 

235 

325 

21** 

174 

287 

4.81 

- 

- 

- 

Fir ut  Crack 
**  Ultimate 


<- 
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TAItl.r.  »-!■> 


tk’.t  mui.n  -  r>ir:r*vi  u  i«ata  foh  kfah  Hi-.-do 


r.tnRu 

T*»r*|uo 
(In.k  Ipti) 

fc.nd.M. 

( In.klp) 

'ilttnr 

(Mm) 

Twlot 

(rail/In  s  1 0‘ ) 

l»8*l  1  eel  Ifiun  (InctirM  x  ID1) 

Fa  •»  t 

Center 

Went 

0 

0 

6 

0.25 

0 

i 

11 

8 

0.25 

4 

2 

22 

8 

0.25 

8 

1 

12 

8 

0.25 

15 

4 

4) 

8 

0.25 

19 

S 

SJ 

8 

0.25 

25 

i 

6* 

8 

0.25 

11 

7 

75 

8 

0.25 

14 

8 

81 

8 

0.25 

44 

9 

94 

8 

0.25 

51 

10 

101 

8 

0.25 

58 

11 

107 

8 

0.25 

42 

12 

112 

8 

0.25 

44 

n* 

117 

8 

0.25 

70 

14 

122 

8 

0.25 

78 

IS 

128 

8 

0.25 

81 

14 

111 

8 

0.25 

91 

17 

118 

8 

0.25 

99 

18** 

144 

8 

0.25 

220 

19 

115 

8 

0.25 

511 

20 

— 

101 

8 

0.25 

744 

*  First  Crack  **  Ultimata 


TABIE  A-20 

TEST  RZSUITS  -  OBSERVED  DATA  FOR  BEAM  BlS-6b 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/ in  x  10* 

Deflections  (inches  x  10*) 

Cast 

Center 

West 

0 

0 

5 

0.25 

0 

1 

22 

5 

0.25 

7 

2 

12 

5 

0.25 

11 

1 

41 

5 

0.25 

15 

4 

51 

5 

0.25 

21 

5 

44 

5 

0.25 

10 

6 

75 

5 

0.25 

11 

7 

85 

5 

0.25 

42 

8 

94 

5 

0.25 

47 

9 

107 

5 

0.25 

57 

10 

117 

5 

0.25 

64 

11* 

128 

5 

0.25 

74 

12 

111 

5 

0.25 

80 

11 

118 

5 

0.25 

84 

14 

144 

5 

0.25 

90 

15 

149 

5 

0.25 

95 

14 

155 

5 

0.25 

102 

17 

160 

5 

0.25 

109 

18 

166 

5 

0.25 

114 

19 

171 

5 

0.25 

128 

20 

176 

5 

0.25 

144 

21 

182 

5 

0.25 

175 

22 

187 

5 

0.25 

228 

21 

190 

5 

0.25 

280 

24 

192 

5 

0.25 

121 

25 

195 

5 

0.25 

16) 

24 

197 

5 

0.25 

410 

27 

200 

5 

0.25 

468 

28 

20) 

5 

0.25 

520 

29 

204 

5 

0.25 

600 

70* 

5 

0.25 

664 

ii 

19? 

5 

0.25 

- 

*  Ft  rat  Crack  **  tllltn.it» 


182. 

TABLE  A-21 


test  hk'Ui.ts  -  observed  data  for  ream  cs-l 


Lond 

Stage 

Torque 
(in. kips) 

Bend .M. 

( In.klpu) 

Shear 

(kips) 

Twist 

(rad/ In  x  10* ) 

Deflections  (inchei 

x  10’) 

East 

Center 

West 

0 

28 

0.02 

0 

0 

0 

1 

128 

1.52 

5 

10 

15 

2 

239 

3.18 

20 

35 

40 

3 

351 

4.85 

30 

60 

70 

4 

463 

6.52 

45 

85 

95 

5 

552 

7.85 

55 

105 

115 

6 

641 

9.18 

65 

125 

150 

7 

708 

10.18 

75 

145 

180 

8* 

753 

10.85 

80 

155 

190 

9 

798 

11.52 

90 

175 

210 

10 

842 

12.18 

100 

185 

225 

11 

887 

12.85 

105 

200 

250 

12 

932 

13.52 

110 

220 

270 

13 

976 

14.18 

120 

235 

300 

14 

1021 

14.85 

130 

260 

325 

15 

1066 

15.52 

140 

290 

365 

16 

1110 

16.18 

160 

320 

410 

17 

1155 

16.85 

175 

360 

465 

18 

1200 

17.52 

205 

380 

560 

19** 

1222 

17.85 

- 

- 

- 

*  First  Crack 
**  Ultinate 


TABLE  A-22 

TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  CS-2 


Load 

Stage 

Torque 
(in. kips) 

Bend.M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  106) 

Deflections  (inches  x  103) 

East 

Center 

West 

0 

0 

28 

0.03 

0 

0 

0 

0 

1 

12 

127 

1.53 

4 

10 

15 

20 

2 

26 

236 

3.19 

4 

25 

35 

40 

3 

39 

346 

4.86 

7 

35 

55 

70 

4 

51 

457 

6.53 

9 

45 

75 

90 

5 

59 

523 

7.53 

10 

55 

90 

110 

6 

64 

566 

S.17 

11 

60 

100 

125 

7 

69 

610 

8.86 

12 

65 

110 

140 

8 

75 

655 

9.53 

14 

70 

120 

150 

9* 

80 

698 

10.19 

16 

75 

130 

165 

10 

85 

742 

10.86 

17 

80 

160 

190 

11 

93 

808 

11.86 

22 

90 

180 

215 

12 

100 

874 

12.86 

23 

100 

200 

240 

13 

108 

940 

13.86 

26 

115 

230 

280 

14 

113 

985 

14.53 

32 

125 

255 

315 

IS 

118 

1028 

15.19 

37 

135 

280 

350 

16 

123 

1072 

15.86 

37 

145 

310 

385 

17 

129 

1116 

16.53 

48 

165 

350 

445 

18 

134 

1160 

17.19 

53 

185 

400 

515 

19 

136 

1183 

17.53 

58 

205 

455 

590 

20** 

139 

1204 

17.80 

67 

230 

500 

1165 

•  First  Crack 
•»  Ultimata 
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TAM.r.  *-23 

Ter.r  rkmu.t-;  -  or.wjt.u  hat*  io»  beam  cs-i 


Load 

5taK«* 

Torn*:* 

( In.kJpo) 

Hsrvf.M. 
(in.  V  ||»*») 

Slirnr 
(k lp«0 

Twine 

(rwl/ln  x  104) 

firflorr  lor»n  ft  net  ten  x  101) 

Kfl  M  t 

Center 

Merit 

0 

0 

26 

0.18 

0 

0 

0 

0 

1 

30 

107 

1.64 

11 

10 

20 

10 

2 

60 

197 

3.34 

19 

15 

35 

25 

1 

78 

251 

4.34 

22 

25 

50 

35 

4 

96 

305 

5.34 

27 

30 

60 

45 

J 

114 

359 

6.34 

32 

40 

75 

55 

4 

126 

395 

7.01 

35 

45 

85 

65 

7 

138 

431 

7.68 

40 

50 

95 

75 

8 

150 

467 

8.34 

42 

55 

105 

SO 

» 

162 

503 

9.01 

47 

45 

110 

75 

10* 

174 

539 

9.68 

51 

50 

115 

80 

u 

186 

575 

10.34 

56 

55 

125 

90 

12 

198 

611 

11.01 

59 

65 

135 

105 

n 

210 

647 

11.68 

68 

70 

150 

120 

14 

222 

633 

12.34 

74 

80 

165 

130 

15 

234 

719 

13.01 

72 

90 

190 

145 

16 

246 

755 

13.68 

99 

100 

215 

170 

17 

258 

791 

14.34 

111 

110 

245 

190 

IS 

264 

809 

14.68 

126 

120 

265 

210 

19 

270 

327 

15.01 

138 

130 

285 

225 

20 

276 

845 

15.34 

153 

135 

310 

240 

21 

282 

363 

15.68 

169 

145 

335 

265 

22 

288 

831 

16.01 

184 

160 

370 

295 

23 

291 

890 

16.18 

205 

180 

405 

330 

24 

294 

899 

16.34 

223 

185 

435 

355 

25** 

297 

903 

16.51 

- 

- 

- 

400 

*  First  Crack  **  Ultimate 


TABLE  A-24 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAL  CS-4 


Load 

Stag* 

Torque 
(in. kips) 

Ber.i.M. 

|  Shear 

Tvist 

(rad/in  x  104) 

Deflections  (inches  x  10J) 

(In. kips) 

(kips) 

East 

Center 

West 

0 

0 

12 

0.63 

0 

0 

0 

0 

1 

39 

27 

1.46 

7 

35 

35 

45 

2 

65 

39 

2.13 

15 

30 

45 

40 

3 

91 

51 

2.79 

19 

35 

50 

45 

4 

117 

63 

3.46 

26 

40 

50 

50 

5 

143 

75 

4.13 

30 

45 

55 

60 

6 

169 

87 

4.79 

41 

45 

70 

60 

7 

195 

99 

5.46 

47 

50 

75 

70 

8 

209 

105 

5.79 

51 

50 

80 

75 

9 

221 

111 

6.13 

54 

55 

80 

75 

10 

234 

117 

6.46 

5? 

50 

85 

75 

11 

247 

123 

6.79 

65 

55 

90 

75 

12* 

260 

129 

7.13 

70 

60 

95 

30 

13 

273 

135 

7.46 

74 

60 

100 

85 

14 

236 

141 

7.79 

80 

60 

105 

85 

15 

299 

147 

3.13 

86 

65 

115 

90 

16 

312 

153 

3.46 

91 

65 

115 

95 

17 

325 

159 

3.79 

99 

65 

120 

95 

IS 

333 

165 

9.11 

109 

65 

125 

100 

19 

351 

171 

9.46 

123 

70 

135 

110 

20 

364 

177 

9.79 

147 

70 

145 

115 

21 

377 

183 

10.13 

221 

80 

145 

120 

22 

383 

186 

10.29 

430 

90 

145 

105 

21** 

390 

134 

10.49 

- 

• 

"i  Flmt  Crack  **  Ulttrcila 
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TAM.K  A-23 

TEST  Ef.I.'l.TS  -  Ol'.Sf  kVf'tltMTA  f(,H  P.KAM  CS-S 


lx>od 

Stnp.c 

ToffJMC 
( In.Upnj 

N  nd.M. 
(iu.k J?sy 

f*hc7ir 

(Up*) 

Tv!  st 

(red/ In  x  If)*) 

t/<-t  !*»ct  ton*  (Incite*  x  10*) 

Mul 

Center 

Vest 

0 

0 

12 

0.63 

0 

0 

0 

0 

l 

48 

21 

l.n 

11 

5 

5 

s 

2 

96 

33 

1.79 

23 

5 

10 

10 

3 

120 

39 

2.13 

26 

5 

10 

15 

4 

144 

45 

2.46 

35 

5 

15 

20 

J 

156 

48 

2.43 

37 

3 

15 

20 

4 

168 

51 

2.79 

40 

10 

20 

20 

7 

180 

54 

2.96 

47 

10 

25 

25 

8 

192 

57 

3.13 

49 

10 

25 

25 

9 

204 

60 

3.29 

52 

10 

25 

25 

10 

216 

63 

3.46 

58 

5 

20 

30 

11 

223 

66 

3.43 

59 

10 

25 

30 

12* 

240 

69 

3.79 

65 

10 

30 

35 

13 

252 

72 

3.96 

68 

5 

25 

40 

14 

264 

75 

4.13 

74 

5 

30 

40 

13 

276 

78 

4.29 

78 

10 

30 

45 

16 

283 

81 

4.46 

85 

5 

30 

40 

17 

300 

84 

4.63 

91 

10 

35 

45 

18 

312 

87 

4.79 

96 

5 

30 

50 

19 

324 

90 

4.96 

110 

5 

30 

45 

20 

326 

93 

5.13 

140 

0 

30 

50 

21 

348 

96 

5.29 

139 

5 

25 

'  45 

22** 

360 

99 

5.46 

343 

15 

20 

45 

*  Flcat  Crack  **  Ultimate 

TASLEA-2S 


TTST  RESUTTS  -  OBSERVED  DATA  FOR  BFA.M  CS-6 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Tvist 

(rad/in  x  10*) 

Deflections  (Inches  x  10*) 

East 

Center 

West 

0 

0 

t 

0.53 

0 

0 

0 

0 

1 

27 

6 

0.53 

7 

0 

5 

0 

2 

53 

6 

0.53 

10 

-  5 

0 

0 

3 

80 

6 

0.53 

13 

-  3 

0 

0 

4 

107 

6 

0.53 

22 

-10 

-  5 

-  5 

5 

117 

6 

0.53 

25 

-  5 

0 

-  5 

( 

123 

6 

0.53 

30 

-10 

-  5 

-10 

7 

138 

6 

0.53 

31 

-15 

-  3 

-10 

8 

149 

6 

0.53 

33 

-IS 

-  5 

-  5 

9 

160 

6 

0.53 

36 

-10 

-  5 

-  5 

10 

171 

6 

0.53 

33 

-10 

-  5 

-  3 

11 

182 

6 

0.53 

41 

-15 

-10 

-10 

12* 

192 

6 

0.53 

44 

-IS 

-  5 

-10 

13 

20S 

6 

0.53 

52 

-15 

-10 

-13 

14 

225 

6 

0.53 

56 

-20 

-13 

-13 

15 

241 

6 

0.53 

62 

-20 

-15 

-20 

16 

256 

6 

0.53 

67 

-20 

-IS 

-15 

17 

272 

6 

0.33 

73 

-25 

-20 

-20 

IS 

283 

6 

0.53 

78 

-25 

-23 

-23 

19 

304 

6 

0.53 

91 

-30 

-30 

-35 

20 

315 

6 

0.53 

107 

-35 

-40 

-40 

21 

326 

6 

0.51 

ns 

-40 

-50 

-45 

22 

331 

6 

0.33 

158 

-50 

-60. 

-50 

23 

342 

6 

0.53 

189 

-45 

-65 

-60 

24** 

352 

6 

0.53 

267 

-50 

-85 

-63 

25 

329 

6 

0.32 

• 

* 

* 

*  rimt  f.rnck  **  I'fl  ImH 
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TABLE  A-27 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  Cll-l 


Load 

Stage 

Torque 
(In. kips) 

lic-nd.M. 

( !  n .  V.lps) 

Shear 

(kips) 

Twist 

(rad/ in  x  10*) 

Dei  lections  (Inches  x  10J) 

Fast 

Center 

Went 

0 

25 

0.08 

0 

0 

0 

1 

124 

1.58 

0 

10 

20 

2 

233 

3.24 

, 

20 

40 

55 

3 

344 

4.91 

40 

65 

80 

4 

410 

5.91 

50 

80 

100 

5 

476 

6.91 

60 

100 

120 

6 

520 

7.85 

65 

105 

130 

7 

563 

8.24 

70 

115 

145 

8* 

608 

8.91 

75 

130 

165 

9 

852 

9.58 

85 

145 

175 

10 

695 

10.24 

85 

155 

190 

11 

740 

10.91 

90 

175 

205 

12 

734 

11.58 

100 

190 

230 

13 

827 

12.24 

110 

210 

260 

14 

872 

12.91 

120 

225 

285 

15 

916 

13.58 

130 

250 

310 

16 

959 

14.24 

140 

270 

345 

17 

1004 

14.91 

155 

295 

385 

18 

1048 

15.58 

170 

335 

435 

19 

1091 

16.24 

185 

375 

490 

20 

1114 

16.58 

200 

405 

525 

21 

1136 

16.91 

215 

43S 

580 

22 

1157 

17.24 

240 

490 

655 

23** 

1180 

17.58 

260 

555 

750 

*  First  Crack 

**  Ultimate  TABLE  A-23 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  CH-2 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Tvist 

(rad/in  x  106) 

Deflections  (inches  x  10J) 

East 

Center 

West 

0 

0 

25 

0.03 

0 

0 

0 

0 

1 

12 

124 

1.58 

2 

10 

20 

25 

2 

26 

233 

3.24 

5 

25 

40 

55 

3 

39 

344 

4.91 

7 

35 

65 

80 

4 

41 

454 

6.58* 

15 

50 

90 

110 

5 

49 

520 

7.58 

16 

55 

105 

130 

6* 

50 

563 

3.24 

17 

60 

120 

140 

7 

69 

603 

8.91 

20 

65 

130 

160 

3 

75 

652 

9.58 

21 

65 

145 

180 

9 

80 

695 

10.24 

26 

85 

165 

200 

10 

85 

740 

10.91 

23 

90 

180 

215 

11 

90 

784 

11.58 

35 

100 

200 

250 

12 

95 

827 

12.24 

46 

110 

215 

275 

13 

100 

372 

12.91 

53 

125 

245 

305 

14 

105 

916 

13.53 

62 

135 

275 

340 

15 

111 

959 

14.24 

72 

145 

300 

380 

16 

116 

1004 

14.91 

83 

160 

330 

425 

17 

121 

1043 

15.58 

101 

175 

370 

475 

18 

126 

1091 

16.24 

115 

190 

4  Q0 

515 

19 

129 

1114 

16.58 

126 

195 

425 

550 

20** 

131 

1136 

16.91 

133 

210 

455 

580 

•  First  Crack 
**  Ultimate 
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TABU  A-29 

TEST  RESULTS  -  OBSERVED  DATA  FORDKAM  CII-1 


Load 

Stage 

Torque 
( la. kips) 

Bend .M. 

( la. kips) 

Shear 

(kips) 

Twist 

(rail/ In  x  10() 

Deflections  (Inches  x  101) 

East 

Center 

WCHt 

0 

0 

24 

0.14 

0 

0 

0 

0 

1 

30 

114 

1.64 

4 

5 

15 

15 

2 

60 

214 

3.30 

12 

20 

35 

40 

3 

73 

274 

4.30 

16 

25 

50 

60 

4 

96 

334 

5.30 

20 

30 

60 

75 

5 

103 

374 

5.97 

27 

40 

70 

85 

6 

120 

414 

6.64 

28 

45 

85 

100 

7 

132 

454 

7.30 

33 

45 

95 

110 

8* 

138 

474 

7.64 

32 

50 

100 

115 

9 

150 

514 

8.30 

38 

55 

110 

130 

10 

162 

554 

8.97 

44 

65 

125 

145 

11 

174 

594 

9.64 

52 

70 

140 

160 

12 

186 

634 

10.30 

62 

75 

160 

185 

13 

198 

674 

10.97 

79 

85 

175 

215 

14 

210 

714 

11.64 

101 

100 

205 

245 

15 

222 

754 

12.30 

120 

110 

235 

290 

16 

234 

794 

12.97 

157 

125 

270 

330 

17 

246 

834 

13.64 

186 

135 

305 

375 

18 

252 

854 

13.97 

211 

150 

335 

415 

19 

258 

874 

14.30 

236 

155 

355 

445 

20 

264 

894 

14.64 

258 

170 

390 

485 

21 

270 

913 

14.97 

290 

180 

420 

525 

22 

276 

934 

15.30 

323 

195 

470 

590 

23** 

282 

954 

15.64 

- 

- 

- 

- 

*  First  Crack 
**  Ultimate 


TABLE  A-30 

TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  CH-4 


Load 

Stage 

Torque 
(in. kips) 

Bend .M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/in  x  106) 

Deflections  (inches  x  103) 

East 

Center 

West 

0 

0 

25 

0.91 

0 

0 

0 

0 

1 

39 

85 

1.74 

9 

5 

5 

10 

2 

65 

133 

2.41  . 

16 

10 

10 

25 

3 

91 

181 

3.07 

23 

10 

25 

30 

4 

117 

229 

3.74 

32 

10 

30 

40 

5* 

143 

277 

4.41 

41 

5 

35 

45 

6 

169 

325 

5.07 

48 

5 

35 

55 

7 

195 

373 

5.74 

60 

10 

50 

70 

8 

221 

421 

6.41 

74 

15 

55 

80 

9 

247 

469 

7.07 

93 

20 

70 

95 

10 

260 

493 

7.41 

110 

20 

80 

110 

11 

267 

517 

7.74 

123 

25 

90 

125 

12 

286 

541 

8.07 

147 

30 

100 

135 

13 

299 

565 

8.41 

177 

35 

no 

150 

14 

312 

539 

8.74 

232 

40 

130 

175 

15** 

313 

601 

8.91 

302 

40 

140 

195 

16 

284 

613 

9.07 

- 

- 

- 

*  First  Crack 
**  Ultimate 


• 

TABLE  A-31 
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TEST  RESULTS  -  OnSPTtVFf)  DATA  FOR  REAM  Clf-5 


Load 

Stage 

Torque 
( tn.klpa) 

Bend .M. 
(ln.Vlpf*) 

Shear 

(kips) 

Tulnt 

(rad/ln  x  IQ1) 

Deflections  (Inches  x  105) 

East 

Center 

West 

0 

0 

6 

0.59 

0 

0 

0 

0 

1 

24 

8 

0.75 

4 

5 

0 

5 

2 

48 

12 

1.09 

9 

-  5 

0 

0 

3 

72 

16 

1.42 

15 

0 

0 

5 

4 

96 

20 

1.75 

20 

0 

0 

5 

5 

108 

22 

1.92 

22 

0 

5 

10 

6 

120 

24 

2.09 

23 

-  5 

5 

10 

7 

132 

26 

2.25 

30 

-10 

S 

10 

8 

144 

28 

2.42 

32 

-  5 

5 

10 

9 

156 

30 

2.59 

33 

-10 

5 

15 

10 

168 

32 

2.75 

41 

-  5 

10 

20 

11 

180 

34 

2.92 

43 

-  5 

10 

25 

12* 

192 

36 

3.09 

49 

0 

15 

25 

13 

216 

40 

3.42 

78 

0 

15 

30 

14 

240 

44 

3.75 

83 

0 

20 

35 

15 

264 

48 

4.09 

104 

0 

25 

3S 

16 

288 

52 

4.42 

131 

0 

20 

40 

17 

300 

54 

4.59 

162 

-  5 

15 

40 

18 

312 

56 

4.75 

223 

0 

15 

40 

19 

324 

58 

4.92 

310 

10 

20 

40 

20** 

336 

60 

5.09 

- 

- 

- 

- 

*  First  Crack 
**  Ultimate 


TABLE  A-32 


TEST  RESULTS  -  OBSERVED  DATA  FOR  BEAM  CH-6 


Load 

Stage 

Torque 
(in. kips) 

Bend.M. 
(in. kips) 

Shear 

(kips) 

Twist 

(rad/ in  x  10G) 

Deflections  (inches  x  103) 

East 

Center 

West 

0 

0 

9 

0.31 

0 

0 

0 

0 

1 

27 

9 

0.31 

12 

0 

0 

0 

2 

53 

9 

0.31 

17 

-  5 

-  5 

-  5 

3 

80 

9 

0.31 

26 

-20 

-  5 

-  5 

4 

107 

9 

0.31 

31 

-25 

-10 

-  5 

5 

118 

9 

0.31 

37 

-20 

-15 

-  5 

6 

128 

9 

0.31  . 

41 

-25 

-15 

-10 

7 

133 

9 

0.31 

43 

-25 

-20 

-10 

8 

139 

9 

0.31 

46 

-25 

-20 

-10 

9 

144 

9 

0.31 

47 

-20 

-20 

-10 

10* 

150 

9 

0.31 

49 

-20 

-20 

-10 

11 

155 

9 

0.31 

52 

-20 

-20 

-10 

12 

160 

9 

0.31 

54 

-20 

-20 

-10 

13 

171 

9 

0.31 

60 

-25 

-20 

-15 

14 

181 

9 

0.31 

65 

-25 

-20 

-10 

15 

193 

9 

0.31 

73 

-25 

-25 

-15 

16 

214 

9 

0.31 

122 

-30 

-30 

-15 

17 

230 

9 

0.31 

148 

-35 

-40 

-25 

18 

240 

9 

0.31 

186 

-40 

-45 

-35 

19 

251 

9 

0.31 

217 

-50 

-55 

-40 

20 

262 

9 

0.31 

253 

-55 

-60 

-45 

21 

272 

9 

0.31 

317 

-55 

-65 

-55 

22** 

233 

9 

0.31 

565 

-60 

-80 

-60 

23 

244 

9 

0.31 

- 

-45 

-100 

-65 

"5  Firm  Crack 
**  Ultimata 
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APPENDIX  B 

STRAIN  GAUGE  READINGS 


Strain  gauge  readings,  recorded  during  the  test  of  each  beam 
of  series  B  and  C,  are  presented  in  Tables  B-l  through  B-59  of  this 
appendix.  Generally,  each  beam  was  instrumented  with  seventeen  strain 
gauges;  five  on  the  longitudinal  prestressing  steel,  and  twelve  on 
stirrups.  All  gauges  were  placed  at  the  probable  failure  region.  If 
a  beam  was  tested  in  pure  bending,  no  strain  gauges  were  mounted  on 
the  stirrups,  however,  for  pure  torsion  all  seventeen  strain  gauges 
were  used.  Detailed  location  of  strain  gauges  is  presented  in  Chapter 
3. 


With  the  exception  of  beams  tested  in  pure  bending,  two 
tables  are  given  for  each  beam  on  one  page;  the  first  presents  strain 
data  for  prestressing  steel,  and  the  second  strain  data  for  transverse 
steel.  It  should  be  remembered  that  the  strain  in  the  prestressing 
steel,  recorded  in  these  tables  represents  only  the  increase  in  strain 
between  zero  and  ultimate  stage  of  loading.  This  has  to  be  distinguis¬ 
hed  from  the  total  strain  which  includes,  in  addition,  the  prestrain. 

Increments  corresponding  to  first  cracking  and  ultimate  are 
designated  in  these  tables  using  a  single  and  double  asterisk,  respec¬ 
tively. 
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TABLE  B-l 


PRESTRESSING  STEEL 

STRAINS 

(MICRO  INGI1FS 

PER  INCH). 

REAM  RS-1 

Load 

Strain  Gauge  Location 

Stage 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

75 

40 

70 

-80 

-75 

2 

160 

75 

155 

-180 

-160 

3 

250 

115 

240 

-280 

-260 

4 

355 

160 

340 

-390 

-360 

5 

420 

185 

405 

-470 

-425 

6 

550 

225 

480 

-555 

-520 

7 

645 

255 

550 

-625 

-570 

8* 

720 

290 

675 

-685 

-635 

9 

800 

330 

820 

-770 

-770 

10 

885 

380 

990 

-850 

-790 

11 

995 

435 

1160 

-1040 

-870 

12 

1135 

520 

1380 

-1090 

-1020 

13 

1310 

610 

1610 

-1270 

-1120 

14 

1480 

700 

1820 

-1440 

-1320 

15 

1530 

835 

1935 

-1580 

-1465 

16 

1780 

990 

2045 

-1845 

-1580 

17** 

1970 

1220 

2070 

-2140 

-1500 

*  First  Crack 
**  Ultimate 


TABLE  B-2 

PRESTRESSING  STEEL  S TRAIL’S  (MICRO  IKCKTS  PFR  INCH),  BEAM  SS-1S 


Load 

Stage 

Strain 

Gauge  Location 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

70 

65 

70 

-85 

-90 

2 

155 

135 

150 

-185 

-190 

3 

240 

210 

240 

-295 

-300 

4 

300 

260 

295 

-360 

-370 

5 

360 

310 

360 

-440 

-450 

6 

405 

345 

405 

-495 

-505 

7 

450 

380 

455 

-550 

-560 

8 

505 

430 

510 

-615 

-620 

9 

540 

455 

550 

-650 

-655 

10 

570 

485 

610 

-690 

-690 

11 

670 

545 

680 

-730 

-7  30 

12* 

720 

575 

735 

-765 

-765 

13 

795 

620 

795 

-815 

-810 

14 

890 

720 

905 

-890 

-890 

15 

1040 

790 

1030 

-990 

-975 

16 

1140 

860 

1130 

-1090 

-1080 

17 

1210 

895 

1225 

-1210 

-1190 

18 

1320 

850 

1320 

-1350 

-1335 

19 

1300 

830 

1415 

-1530 

-1515 

20 

1330 

825 

1575 

-1750 

-1770 

21** 

1130 

860 

6300 

-5000 

-6600 

*  First  Crack  **  Ultimata 


TAP.I.P.  B-3 
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presthf.-;';;nc  steel  sixain1:;  <'U<:?n  ikciips  i*i:k  inch),  beam  bs-2 


Load 

Stage 

Strain  Gauge  Location 

abed  e 

0 

0 

1 

50 

2 

115 

3 

175 

4 

245 

5 

290 

6 

340 

7 

375 

8 

415 

9* 

460 

10 

545 

11 

615 

12 

860 

13 

1055 

14 

1235 

15 

1550 

16 

1780 

17 

1985 

18 

2100 

19** 

2900 

*  First  Crack  **  Ultimate 


TABLE  B-4 

STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH) ,  BEAM  BS-2 


Load 

Strain  Gauge  Location 

Stage 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

5 

-  5 

0 

10 

0 

0 

0 

10 

5 

-  5 

0 

2 

20 

10 

-15 

5 

25 

-  5 

-  5 

0 

20 

5 

-20 

-  5 

3 

35 

15 

-25 

0 

35 

-  5 

-10 

-  5 

35 

5 

-35 

-  5 

4 

45 

15 

-35 

0 

50 

-10 

-15 

-  5 

45 

0 

-50 

-10 

5 

55 

15 

-40 

0 

60 

-15 

-15 

-  5 

50 

-  5 

-55 

-15 

6 

60 

15 

-45 

0 

70 

-15 

-15 

-  5 

60 

-15 

-65 

-20 

7 

65 

20 

-50 

0 

75 

-20 

-15 

-  5 

65 

-20 

-65 

-25 

8 

75 

20 

-55 

0 

85 

-35 

-15 

-  5 

75 

-35 

-60 

-30 

9* 

75 

25 

-55 

0 

90 

-25 

+  5 

-  5 

80 

-45 

-45 

-35 

10 

85 

25 

-60 

-  5 

105 

-40 

+20 

-  5 

90 

-35 

-15 

-40 

11 

95 

25 

-65 

-  5 

120 

-55 

+15 

-  5 

100 

95 

115 

-25 

12 

105 

15 

-70 

-  5 

140 

-50 

0 

-10 

115 

210 

240 

50 

13 

115 

15 

-75 

-10 

155 

-15 

-  5 

-20 

125 

235 

330 

120 

14 

125 

10 

-75 

-15 

170 

+40 

-  5 

-30 

140 

335 

405 

140 

15 

135 

5 

-75 

-15 

185 

+160 

-15 

-55 

155 

475 

425 

175 

16 

140 

0 

-75 

-15 

200 

+250 

-15 

-70 

160 

555 

525 

190 

17 

145 

-  5 

-70 

-20 

210 

+320 

-20 

-80 

170 

560 

615 

195 

18 

155 

-10 

-70 

-20 

225 

+405 

-25 

-90 

190 

625 

565 

205 

19** 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

•  First  Crack  **  Ultimate 


TA  lll.P. _ B-5 
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I’piisrui 

SK  ir:c  f.TKKI 

STRAINS  (MICRO 

iucm::; 

pi:k  i mi). 

BKAM  BG-2S 

lx>/jd 

Strain  Gauge  Location 

Stage 

n 

b 

C 

d 

o 

0 

0 

0 

0 

0 

0 

1 

50 

55 

60 

60 

45 

2 

100 

110 

115 

95 

85 

3 

140 

155 

165 

105 

115 

4 

180 

200 

210 

165 

155 

5 

200 

225 

235 

150 

175 

6 

225 

250 

265 

240 

195 

7* 

245 

275 

295 

305 

230 

S 

270 

305 

325 

430 

265 

9 

280 

320 

340 

530 

280 

10 

295 

335 

360 

520 

295 

11 

305 

350 

375 

560 

315 

12 

320 

365 

395 

535 

335 

13 

345 

400 

440 

600 

370 

14 

370 

440 

500 

620 

435 

15 

400 

480 

570 

680 

525 

16 

425 

535 

660 

965 

640 

17 

460 

595 

780 

1155 

745 

18 

480 

640 

855 

1045 

800 

19 

500 

700 

915 

950 

860 

20 

520 

780 

1005 

860 

935 

21 

540 

850 

1105 

730 

1000 

22** 

555 

- 

1250 

- 

- 

*  First  Crack  **  Ultimate 


TABLE  B-6 

STIRRUP  STRAIN'S  (MICRO  INCHES  PER  INCH),  BEAM  BS-2S 


Load 

Stage 

Strain 

Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-8 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

0 

0 

10 

10 

10 

0 

5 

10 

5 

0 

5 

2 

15 

0 

0 

10 

25 

10 

-10 

10 

25 

10 

0 

10 

3 

30 

5 

-10 

10 

45 

15 

-20 

10 

45 

10 

-  5 

10 

4 

40 

0 

-20 

15 

55 

15 

-30 

10 

60 

10 

-  5 

10 

5 

*5 

0 

-20 

15 

60 

20 

-30 

10 

65 

10 

-  5 

10 

6 

50 

0 

-25 

15 

?t> 

20 

-35 

10 

70 

10 

0 

10 

7* 

50 

0 

-25 

20 

80 

20 

-40 

10 

80 

5 

10 

5 

8 

55 

0 

-30 

15 

85 

20 

-40 

10 

90 

0 

40 

5 

9 

60 

0 

-30 

20 

90 

20 

-40 

10 

95 

0 

60 

5 

10 

65 

0 

-30 

20 

95 

25 

-40 

10 

105 

-  5 

75 

5 

11 

65 

0 

-30 

20 

100 

25 

-40 

10 

110 

-10 

90 

5 

12 

70 

0 

-30 

20 

105 

25 

-40 

10 

115 

-15 

95 

5 

13 

75 

0 

-30 

20 

115 

25 

-40 

10 

130 

-30 

95 

10 

14 

80 

0 

-30 

20 

125 

25 

-30 

0 

140 

-45 

95 

10 

15 

90 

0 

-25 

25 

140 

30 

-20 

0 

155 

-50 

80 

15 

16 

95 

0 

-20 

25 

150 

35 

-15 

-  5 

175 

0 

70 

30 

17 

100 

0 

-20 

25 

165 

45 

-10 

-10 

195 

60 

70 

35 

18 

105 

0 

-10 

30 

170 

45 

0 

-15 

210 

110 

70 

30 

19 

110 

-  5 

-10 

30 

180 

45 

5 

-20 

225 

145 

70 

15 

20 

115 

-10 

-10 

30 

190 

50 

15 

-30 

250 

175 

•  70 

0 

21 

120 

-10 

-10 

35 

195 

45 

20 

-40 

270 

200 

75 

-15 

22** 

125 

-15 

0 

35 

205 

55 

20 

-40 

390 

310 

90 

-55 

*  Flr»t  Crack  **  Ultimate 
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TAtf.K  B-7 


PRFSTRFSSIHr.  r.TKPI.  STRAIN'S  ‘•lir.kn  tJlCIIK';  PER  rial),  BEAM  ns-3 


1  -oad 
Stage 

Strain 

Gauge  Location 

a 

b 

c 

d 

6 

0 

0 

0 

0 

0 

0 

z 

40 

50 

40 

55 

60 

2 

85 

110 

85 

115 

135 

3 

125 

155 

115 

165 

195 

4 

145 

185 

135 

195 

230 

5 

165 

210 

1S5 

225 

265 

6 

185 

235 

170 

255 

305 

7 

205 

265 

190 

290 

345 

8 

230 

295 

215 

330 

385 

9* 

255 

325 

235 

360 

450 

10 

275 

365 

265 

415 

575 

11 

300 

435 

295 

515 

690 

12 

330 

485 

315 

720 

815 

13 

445 

515 

320 

840 

905 

14 

595 

575 

340 

980 

1010 

15 

705 

665 

370 

1090 

1100 

16 

780 

765 

395 

1195 

1190 

17 

830 

845 

505 

1250 

1245 

18 

790 

940 

560 

1325 

1325 

19 

640 

1050 

600 

1480 

1580 

20** 

- 

- 

- 

- 

2400 

*  First  Crack  **  Ultimate 


TABLE  B-8 


STIRRUP  STRAIN'S  (MICRO  INCHES  PER  INCH),  BEAM  BS-3 


Load 

St3ge 

Strain  Gauge  Location 

1-T 

1-S 

1-3 

1-N 

2-T 

2-S 

2-B 

2-U 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

0 

0 

0 

10 

0 

-10 

0 

-35 

0 

0 

0 

2 

20 

-  5 

0 

10 

25 

-  5 

-15 

5 

-105 

0 

-  5 

0 

3 

35 

-10 

0 

10 

35 

-10 

-25 

10 

-85 

0 

-  5 

5 

4 

40 

-10 

0 

15 

45 

-  5 

-25 

10 

-175 

5 

-  5 

5 

5 

45 

-10 

0 

15 

50 

-10 

-30 

10 

-165 

5 

-  5 

5 

6 

50 

-10 

0 

15 

55 

-10 

-35 

15 

-165 

5 

-  5 

5 

7 

55 

-10 

0 

20 

65 

-  5 

-35 

15 

-155 

5 

0 

5 

8 

55 

-  5 

0 

20 

70 

5 

-35 

15 

-150 

-  5 

20 

0 

9* 

60 

10 

0 

20 

80 

35 

-25 

15 

-135 

-25 

55 

-  5 

10 

65 

15 

10 

20 

90 

50 

-20 

10 

-125 

-35 

115 

-20 

11 

70 

25 

20 

20 

100 

115 

-25 

5 

-105 

15 

125 

-30 

12 

75 

40 

25 

20 

110 

205 

-25 

0 

-85 

210 

120 

-80 

13 

80 

45 

'40 

20 

115 

405 

-35 

-15 

-85 

370 

130 

-95 

14 

85 

45 

145 

25 

120 

655 

-45 

-30 

-70 

580 

150 

-85 

15 

90 

45 

345 

40 

130 

940 

-45 

-15 

-55 

680 

185 

-110 

16 

90 

75 

3R5 

45 

140 

1230 

-25 

20 

-40 

715 

225 

-140 

17 

95 

140 

440 

55 

145 

1540 

0 

65 

-15 

770 

250 

-165 

18 

95 

225 

515 

70 

155 

1325 

20 

125 

70 

800 

295 

-530 

19 

100 

310 

690 

140 

165 

2050 

35 

245 

320 

905 

460 

-2730 

20** 

- 

- 

- 

- 

- 

- 

- 

- 

• 

- 

- 

- 

*  First  Creek  **  Ultimate 


■ 
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table  n-9 


PHKSTI-Kr.rUHC  STF.KI. 

(u. 

I CKO  INCHES  PKK 

INCH), 

BEAM  BS-4 

Load 

Strain 

Gauge  Location 

Stage 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

15 

15 

20 

25 

20 

2 

25 

25 

30 

40 

35 

3 

40 

40 

45 

55 

45 

4 

45 

50 

55 

65 

55 

5 

60 

60 

65 

80 

65 

6 

75 

75 

80 

100 

75 

7 

90 

90 

100 

120 

95 

8 

95 

105 

110 

130 

105 

9 

110 

115 

125 

150 

120 

10* 

125 

130 

140 

170 

135 

11 

140 

150 

160 

190 

155 

12 

160 

170 

175 

210 

190 

13 

170 

190 

195 

235 

740 

14 

180 

200 

205 

240 

875 

IS 

190 

205 

210 

250 

900 

16 

195 

215 

220 

260 

900 

17 

165 

190 

215 

255 

895 

18 

150 

135 

180 

245 

885 

19** 

110 

125 

165 

230 

875 

*  First  Crack  **  Ultimate 


TABLE  B-10 

STIRRU?  STRAINS  (MICRO  INCHES  PER  INCH),  BEAM  BS-4 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

5 

5 

0 

5 

5 

-  5 

5 

0 

5 

0 

5 

0 

2 

10 

S 

0 

5 

5 

-  5 

10 

0 

10 

-  5 

5 

-  5 

3 

15 

5 

0 

5 

10 

-  5 

15 

0 

15 

-  5 

10 

-  5 

4 

15 

5 

-  5 

5 

10 

-  5 

15 

0 

15 

-  5 

10 

-  5 

5 

15 

10 

-  5 

5 

15 

-  5 

20 

0 

20 

-  5 

15 

-  5 

6 

20 

20 

0 

10 

• 

15 

5 

25 

5 

30 

0 

20 

0 

7 

25 

40 

0 

20 

20 

10 

40 

10 

40 

0 

25 

0 

8 

30 

50 

s 

35 

30 

25 

40 

20 

40 

5 

30 

-  5 

9 

30 

75 

5 

25 

25 

40 

50 

20 

45 

15 

35 

-  5 

10* 

30 

110 

10 

30 

30 

90 

55 

25 

50 

30 

40 

0 

11 

30 

175 

10 

30 

30 

135 

60 

30 

50 

50 

50 

0 

12 

35 

245 

10 

35 

30 

200 

65 

35 

60 

65 

60 

0 

13 

40 

340 

15 

40 

40 

310 

75 

55 

65 

75 

75 

-10 

14 

40 

390 

15 

40 

35 

360 

80 

55 

65 

90 

85 

-15 

IS 

40 

430 

15 

45 

35 

400 

85 

60 

70 

100 

105 

-15 

16 

45 

475 

15 

50 

40 

445 

90 

60 

70 

115 

120 

-20 

17 

30 

505 

10 

420 

40 

450 

90 

60 

70 

130 

125 

-20 

18 

830 

1030 

25 

1475 

50 

525 

95 

70 

70 

140 

135 

-25 

19** 

1265 

1035 

70 

1415 

45 

470 

105 

95 

65 

145 

120 

-20 

*  First  Crack  **  Ultimate 


' 


table  8-11 
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mSTKESSTNC  STFKL  STRAINS  (MICRO  INCURS  I'  LR  INCH),  BEAM  BS-5 


Load 

Stage 

Strain  Cnuge  Location 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

10 

10 

10 

10 

10 

2 

25 

20 

20 

15 

15 

3 

25 

25 

20 

15 

20 

4 

30 

30 

25 

20 

25 

5 

35 

35 

25 

20 

25 

6 

35 

35 

25 

25 

30 

7 

40 

40 

30 

25 

35 

8 

45 

45 

30 

25 

35 

9 

45 

45 

35 

30 

35 

10 

50 

50 

35 

35 

40 

11 

55 

55 

35 

35 

45 

12* 

60 

55 

40 

35 

45 

13 

70 

60 

40 

40 

50 

14 

70 

65 

45 

45 

50 

15 

75 

65 

50 

45 

55 

16 

75 

70 

55 

50 

60 

17 

75 

70 

55 

55 

60 

18 

75 

70 

60 

55 

65 

19 

55 

50 

55 

55 

65 

20** 

150 

-55 

15 

40 

60 

*  First  Crack.  **  Ultimate 


TABLE  B-12 


STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH) ,  BEAM  BS-5 


Load 

Stage 

Strain 

Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

10 

-  5 

5 

5 

5 

0 

0 

0 

10 

0 

2 

0 

-  5 

20 

-  5 

5 

10 

10 

5 

5 

0 

20 

0 

3 

0 

-  5 

25 

0 

10 

10 

10 

5 

5 

5 

25 

0 

4 

0 

-  5 

30 

0 

10 

15 

10 

5 

5 

5 

25 

0 

5 

0 

-  5 

35 

10 

10 

20 

15 

10 

10 

5 

30 

0 

6 

0 

0 

40 

15 

10 

25 

15 

10 

10 

10 

35 

0 

7 

0 

5 

40 

25 

15 

30 

15 

15 

10 

15 

40 

5 

8 

0 

5 

45 

30 

15 

35 

15 

15 

10 

15 

45 

5 

9 

0 

10 

45 

35 

15 

45 

20 

15 

10 

25 

45 

10 

10 

0 

15 

50 

45 

15 

55 

20 

15 

10 

30 

50 

15 

11 

0 

20 

55 

55 

20 

75 

30 

25 

10 

35 

50 

15 

12* 

0 

20 

55 

60 

20 

90 

30 

40 

10 

45 

55 

20 

13 

0 

15 

60 

70 

20 

105 

30 

50 

15 

50 

55 

25 

14 

30 

10 

65 

80 

20 

135 

30 

65 

15 

70 

60 

30 

15 

45 

10 

65 

90 

20 

175 

30 

70 

15 

80 

60 

40 

16 

50 

0 

70 

105 

20 

230 

30 

75 

20 

95 

60 

50 

17 

55 

-  5 

70 

105 

20 

270 

30 

85 

25 

100 

65 

55 

18 

60 

0 

70 

115 

20 

300 

30 

90 

35 

110 

65 

60 

19 

60 

5 

90 

115 

20 

310 

25 

90 

45 

115 

65 

60 

20** 

60 

575 

470 

855 

20 

260 

20 

65 

45 

110 

50 

55 

*  First  Crack  **  Ultimate 
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table  R-n 

prkstkkss i N';  stekl  '.i i-ain-;  (:it cko  ikchks  pkk  inch),  beam  n:;-6 


Load 

Stage 

Sira  In 

C/1'jrc  location 

a 

b 

c 

d 

0 

0 

0 

0 

0 

0 

i 

-  5 

-  5 

-  5 

0 

2 

0 

0 

-  5 

•  -  5 

3 

0 

0 

-10 

-10 

4 

0 

5 

-10 

-  5 

5 

10 

0 

-10 

-  5 

6 

15 

0 

-15 

-  5 

7 

20 

0 

-15 

-  5 

8 

5 

5 

-15 

-  5 

9* 

10 

5 

-15 

-  5 

10 

5 

10 

-15 

-10 

11 

10 

10 

-15 

-  5 

12 

10 

15 

-15 

-  5 

13 

10 

15 

-15 

-  5 

14 

15 

15 

-10 

0 

15 

15 

20 

-10 

0 

16 

20 

25 

-  5 

0 

17 

20 

35 

15 

-10 

18 

25 

45 

15 

-10 

19** 

75 

70 

35 

-10 

20 

105 

70 

30 

-  5 

*  First  Crack  **  I’ltiTiate 


TABLE  B-14 


STIRRUP  STRAIN'S  (MICRO  INCHES  PER  INCH),  BEAM  BS-6 


Load 

Stage 

Strain 

Gauge  Location 

1-T 

1-S 

1-B 

1-S 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

5 

0 

5 

0 

-  5 

5 

15 

-  5 

10 

0 

0 

0 

2 

10 

-  5 

15 

0 

o 

1 

5 

25 

0 

15 

5 

5 

0 

3 

10 

-  5 

25 

0 

-10 

5 

40 

-  5 

15 

5 

5 

5 

4 

15 

-10 

25 

0 

-10 

5 

55 

0 

20 

15 

10 

5 

5 

20 

-10 

30 

5 

-10 

10 

50 

-10 

20 

15 

10 

10 

6 

40 

-10 

35 

10 

-15- 

10 

60 

0 

25 

15 

10 

15 

7 

65 

-  5 

40 

20 

-10 

5 

65 

0 

30 

20 

10 

25 

8 

90 

-  5 

40 

55 

-  5 

20 

75 

10 

35 

25 

10 

25 

9* 

95 

-20 

45 

130 

0 

20 

85 

15 

40 

30 

10 

30 

10 

100 

-35 

40 

205 

0 

20 

85 

15 

45 

30 

10 

35 

11 

100 

-45 

40 

255 

0 

25 

95 

25 

55 

30 

15 

35 

12 

105 

-60 

35 

325 

5 

20 

105 

25 

75 

30 

15 

40 

13 

105 

1 

o 

35 

390 

10 

25 

115 

25 

85 

30 

15 

45 

14 

105 

-85 

30 

455 

10 

25 

115 

25 

90 

35 

15 

45 

15 

105 

-100 

25 

560 

10 

20 

120 

25 

100 

35 

15 

50 

16 

110 

-no 

-  5 

720 

15 

5 

125 

40 

no 

40 

15 

60 

17 

160 

-10 

-20 

715 

15 

0 

145 

45 

115 

40 

15 

85 

18 

185 

105 

-20 

690 

15 

-  5 

165 

45 

115 

40 

15 

no 

19** 

235 

385 

150 

960 

20 

15 

460 

45 

no 

40 

15 

135 

20 

255 

630 

410 

1060 

20 

150 

760 

45 

no 

40 

20 

135 

•  First  Crack  **  Ultiiaace 
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TV.m.P-  R-15 


pkestkessiko  sti:i:i,  r,m/,  tws  (micro  TNMir.-;  ihr  j_>k: h)  ,  p.kah  kh-i 


Load 

Stage 

Strain  Gauge  Location 

a 

b 

c 

d 

6 

0 

0 

0 

0 

0 

0 

1 

70 

65 

-90 

65 

-70 

2 

150 

150 

-195 

150 

-170 

3 

235 

240 

-315 

240 

-265 

4 

290 

300 

-400 

305 

-335 

5 

335 

340 

-455 

350 

-380 

6 

390 

385 

-515 

430 

-425 

7* 

A60 

440 

-58S 

520 

-480 

8 

560 

500 

-660 

610 

-530 

9 

720 

690 

-735 

730 

-595 

10 

870 

920 

-830 

815 

-665 

11 

1010 

1120 

-930 

890 

-735 

12 

1215 

1370 

-1055 

970 

-825 

13 

1410 

1600 

-1185 

1125 

-920 

1A 

1620 

1830 

-1360 

1290 

-1030 

15 

1770 

1970 

-1530 

1400 

-1130 

16 

1880 

2065 

-1610 

1505 

-1180 

17 

2025 

2205 

-2235 

1585 

-1700 

18** 

2205 

2450 

*  First  Crack.  **  Ultimate 


TABf.K  K-16 
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PRKSTKKCSISC  NT KKL 

STRAINS  (MICRO  I UM! KS  PKR 

INCH), 

UKAM  BII-2 

load 

Strain  ( 

augc  Location 

Stage 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

40 

50 

60 

60 

65 

2 

85 

105 

120 

120 

125 

3 

125 

155 

170 

175 

225 

4 

160 

200 

230 

235 

315 

5 

185 

225 

260 

270 

365 

6 

205 

255 

295 

305 

430 

7* 

225 

285 

330 

345 

520 

8 

250 

315 

370 

440 

620 

9 

270 

350 

410 

600 

760 

10 

300 

390 

500 

785 

955 

11 

335 

445 

705 

950 

1060 

12 

370 

610 

875 

1100 

1510 

13 

435 

845 

1060 

1325 

- 

14 

720 

1080 

1190 

1520 

- 

15 

795 

1185 

1275 

1620 

- 

16 

895 

1305 

1370 

1475 

- 

17 

960 

1395 

1440 

1210 

- 

18 

995 

1465 

1500 

1160 

- 

19 

1030 

1520 

1550 

1135 

- 

20 

1060 

1595 

1620 

1130 

- 

21 

1100 

1680 

1705 

1150 

- 

22** 

- 

- 

1760 

1245 

- 

*  Firsc  Crack  **  Ultimate 


TABLE  B-17 


STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH)  ,  BEAM  BH-2 


Load 

Stage 

Strain  Gauge 

Location 

1-T 

1-S 

l-S 

1-N 

2-T 

2-S 

2-8 

2-N 

3-T 

3-S 

3-8 

2-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

5 

0 

10 

15 

-  5 

0 

5 

15 

0 

-  5 

5 

2 

15 

10 

0 

10 

25 

-  5 

-10 

5 

30 

5 

-15 

5 

3 

15 

15 

-  5 

10 

40 

-  5 

-15 

5 

45 

20 

-20 

5 

4 

20 

20 

-  5 

10 

50 

5 

-15 

10 

55 

35 

-25 

5 

5 

25 

25 

-  5 

15 

60 

15 

-15 

10 

65 

40 

-30 

10 

6 

25 

30 

-  5 

15 

65 

25 

-20 

10 

70 

45 

-35 

15 

7* 

25 

35 

-  5 

15 

75 

35 

*•20 

10 

80 

50 

-45 

15 

8 

30 

40 

-  5 

15 

35 

50 

-20 

5 

90 

40 

-45 

10 

9 

30 

70 

-10 

10 

90 

50 

-  5 

0 

100 

15 

-50 

15 

10 

35 

90 

-  5 

10 

100 

60 

30 

0 

110 

95 

-35 

40 

11 

35 

105 

-  5 

15 

110 

55 

220 

-  5 

125 

290 

-  5 

90 

12 

40 

125 

-  5 

10 

125 

35 

355 

-15 

150 

335 

350 

170 

13 

40 

150 

-  5 

15 

140 

25 

420 

-30 

185 

340 

615 

190 

14 

45 

205 

20 

30 

155 

185 

460 

-35 

225 

365 

815 

105 

15 

45 

220 

180 

40 

160 

510 

495 

-40 

260 

400 

905 

70 

16 

45 

230 

270 

55 

175 

695 

505 

-40 

315 

435 

965 

35 

17 

45 

235 

355 

5S 

135 

750 

525 

-35 

350 

460 

1000 

20 

18 

45 

240 

405 

60 

190 

785 

540 

-35 

390 

475 

1040 

5 

19 

45 

245 

440 

65 

195 

815 

550 

-35 

420 

490 

1080 

0 

20 

45 

250 

485 

65 

200 

850 

565 

-35 

460 

500 

1120 

-10 

21 

45 

255 

540 

70 

205 

900 

535 

-40 

520 

510 

1165 

-20 

22** 

50 

260 

580 

- 

- 

- 

- 

- 

- 

- 

• 

- 

*  First  Crack  **  Ultimate 


. 
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TAkf.P.  R-18 


PH  STRESSING  STF.KL  STRAt.’IS  f.MICRO  t'iqiF".  1’FR  INCH).  RKAM  HII-3 


Load 

Stage 

Strain 

Cange  Location 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

45 

60 

60 

65 

65 

2 

100 

120 

125 

135 

135 

3 

150 

170 

185 

210 

195 

4 

175 

200 

200 

250 

230 

5* 

205 

235 

270 

295 

265 

6 

240 

390 

330 

340 

305 

7 

255 

735 

440 

395 

355 

8 

270 

830 

510 

625 

575 

9 

295 

925 

615 

745 

655 

10 

340 

1005 

710 

760 

640 

11 

425 

1130 

835 

790 

645 

12 

610 

1235 

1030 

1010 

730 

13 

880 

1345 

1280 

1190 

860 

14** 

- 

- 

1940 

- 

- 

*  First  Crack  **  Ultimate 


TA3LE  B-19 

STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH),  BEAM  BH-3 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-B 

1-S 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

5 

-  5 

10 

15 

0 

-  5 

5 

10 

0 

-10 

0 

2 

25 

0 

-15 

15 

25 

5 

-10 

10 

30 

5 

-25 

0 

3 

35 

0 

-20 

20 

35 

10 

-10 

10 

45 

20 

-35 

0 

4 

40 

15 

-25 

35 

45 

15 

-10 

10 

50 

60 

-35 

0 

5* 

45 

220 

-40 

35 

50 

10 

-  5 

5 

60 

240 

-35 

0 

6 

60 

590 

-45 

35 

S5 

70 

30 

5 

65 

695 

-20 

0 

7 

55 

855 

-40 

10 

60 

270 

80 

-  5 

75 

1090 

110 

-25 

8 

60 

920 

-30 

20 

70 

360 

110 

-  5 

90 

1105 

420 

-35 

9 

65 

1015 

-25 

45 

75 

440 

135 

15 

100 

1175 

520 

-40 

10 

65 

1105 

-15 

15 

80 

480 

165 

100 

120 

1250 

595 

165 

11 

70 

1210 

-15 

35 

90 

530 

245 

210 

165 

1540 

655 

325 

12 

75 

1235 

-10 

5 

115 

560 

365 

530 

220 

2600 

675 

440 

13 

85 

1320 

270 

10 

170 

775 

695 

720 

380 

5000 

690 

660 

14** 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

*  First  Crack  **  Ultimate 
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TAW  X _ 8-20 


nr.'-.w.'.rr.  srrri.  sn>Ainr.  (micro  inches  mt  inch),  beam  mi -a 


Lo«d 

Strain 

C.im^c  Location 

Stajja 

a 

b 

c 

d 

a 

0 

0 

0 

0 

0 

0 

1 

0 

10 

10 

10 

10 

: 

IS 

20 

20 

20 

20 

) 

25 

30 

30 

30 

30 

4 

35 

35 

40 

40 

40 

J 

40 

45 

55 

50 

50 

i 

60 

60 

65 

55 

60 

7 

65 

65 

70 

CO 

65 

8* 

70 

70 

80 

65 

70 

9 

95 

90 

85 

70 

80 

10 

115 

100 

95 

75 

95 

11 

135 

115 

105 

85 

115 

12 

130 

125 

115 

95 

130 

13 

195 

135 

125 

105 

140 

14 

385 

150 

130 

115 

150 

19 

390 

165 

140 

130 

165 

16 

400 

195 

150 

150 

195 

i; 

465 

225 

150 

180 

275 

is 

490 

240 

145 

205 

300 

19 

500 

255 

145 

225 

325 

20 

495 

265 

145 

255 

355 

21** 

490 

285 

155 

275 

355 

22 

- 

- 

- 

- 

- 

*  First  Crack  **  Ultimata 


TABLE  8-21 

STmiT  STRAINS  ntCRO  INCHES  PE3  INCH).  BEAM  Bll-4 


Load 

Stage 

Strain  Gauge  Location 

l-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

10 

0 

0 

2 

0 

0 

10 

5 

10 

0 

0 

5 

5 

10 

0 

0 

3 

5 

0 

10 

10 

15 

0 

0 

10 

10 

15 

0 

0 

4 

10 

0 

IS 

10 

20 

0 

0 

15 

IS 

25 

-  5 

0 

5 

10 

5 

20 

10 

20 

10 

0 

15 

15 

35 

-10 

0 

6 

10 

15 

20 

15 

25 

145 

-  5 

20 

20 

70 

-10 

-  5 

7 

10 

55 

25 

15 

25' 

195 

-  5 

25 

20 

35 

-10 

-  5 

8* 

10 

105 

25 

15 

25 

340 

-10 

25 

20 

105 

-10 

-  3 

9 

15 

155 

30 

20 

30 

535 

-15 

30 

20 

165 

-10 

-  5 

10 

5 

205 

25 

20 

30 

735 

-15 

30 

20 

360 

-15 

-  5 

11 

5 

215 

35 

25 

35 

835 

-15 

30 

25 

495 

-15 

-  5 

12 

5 

225 

40 

25 

40 

895 

-15 

35 

25 

560 

-15 

-  5 

13 

5 

2J0 

55 

25 

45 

955 

-IS 

35 

25 

620 

-15 

-  5 

14 

10 

235 

85 

25 

50 

1000 

-10 

40 

25 

675 

-10 

-  3 

15 

10 

240 

110 

30 

65 

1050 

-  5 

40 

30 

735 

0 

-  5 

16 

15 

250 

ISO 

30 

75 

1075 

0 

40 

30 

795 

25 

0 

17 

:o 

260 

245 

30 

120 

1090 

10 

50 

30 

875 

30 

0 

18 

20 

270 

345 

160 

140 

1100 

0 

55 

35 

915 

80 

0 

19 

20 

295 

335 

255 

155 

1135 

-  5 

70 

40 

950 

93 

5 

20 

35 

340 

400 

340 

165 

1160 

-10 

80 

40 

930 

105 

10 

21** 

730 

480 

815 

400 

175 

1130 

f 

K) 

o 

100 

40 

955 

115 

0 

22 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

•  Firm  Crack  **  Ultimata 
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TAW/ _ A-?? 


ppr,.iTKr;,;iric  r/mx 

r.mirr;  frirnto  ihciif:;  i*i.k 

mu)* 

itixi  mi -5 

W,»4 

Strain 

Cjj'ig*  latent  Ion 

Lt  Age 

A 

b 

c 

A 

• 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

2 

0 

0 

0 

-  5 

-  5 

) 

0 

0 

0 

-  5 

-10 

4 

0 

0 

0 

-10 

-20 

5 

0 

0 

0 

-10 

-20 

4 

0 

5 

0 

-10 

-25 

; 

0 

5 

0 

-10 

-25 

i 

0 

j 

0 

-10 

o 

n 

1 

» 

0 

s 

0 

-10 

-30 

10 

0 

5 

0 

-15 

-35 

n* 

0 

10 

0 

-15 

-35 

12 

0 

15 

-  5 

-15 

-45 

i) 

0 

25 

-  5 

’  -20 

-45 

14 

15 

30 

5 

-10 

-45 

is 

25 

35 

10 

-  5 

-30 

14 

35 

40 

15 

-  5 

-30 

17 

40 

40 

25 

-  5 

-30 

18 

55 

45 

35 

0 

-25 

19 

45 

70 

50 

0 

-20 

20 

-160 

70 

60 

5 

-  5 

21 

-210 

160 

65 

-  5 

-  5 

22 

-230 

160 

70 

-  5 

-10 

23 

-260 

125 

75 

-  5 

10 

24 

-280 

100 

75 

-  5 

65 

25 

-290 

90 

85 

-  5 

125 

26** 

-260 

75 

215 

-  5 

140 

*  First  Crack  **  Ultimata 


TABLE  »-23 


STIRRUP  STRAIN'S  (MICRO  INCHES  PER  INCH).  BEAM  BH-5 


Load 

Stage 

Strain  Gauge  Location 

l-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-8 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

0 

10 

0 

5 

0 

5 

5 

0 

0 

10 

10 

2 

15 

0 

15 

0 

10 

0 

10 

5 

0 

0 

15 

10 

3 

15 

5 

15 

0 

10 

0 

10 

10 

0 

0 

20 

10 

4 

15 

5 

20 

0 

10 

0 

10 

10 

0 

0 

20 

10 

5 

20 

10 

20 

0 

10 

0 

15 

10 

0 

0 

20 

10 

6 

20 

10 

25 

0 

45 

5 

20 

10 

0 

0 

25 

15 

7 

20 

10 

25 

0 

IS 

S 

20 

10 

0 

0 

25 

15 

> 

20 

15 

30 

0 

15 

5 

20 

15 

0 

0 

30 

15 

9 

25 

15 

30 

0 

20 

10 

20 

15 

0 

0 

30 

15 

10 

25 

15 

30 

0 

20 

10 

20 

15 

0 

0 

30 

20 

11* 

25 

20 

35 

0 

20 

20 

25 

20 

0 

0 

35 

20 

12 

25 

25 

35 

0 

20 

35 

25 

20 

0 

5 

35 

25 

13 

20 

30 

40 

5 

20 

45 

25 

20 

0 

10 

35 

25 

14 

:o 

35 

40 

5 

20 

65 

20 

20 

0 

20 

35 

25 

15 

30 

60 

55 

0 

20 

265 

25 

13 

0 

90 

45 

20 

16 

35 

70 

65 

0 

25 

325 

25 

10 

0 

105 

50 

20 

17 

40 

SO 

75 

5 

25 

330 

30 

10 

0 

130 

53 

20 

18 

50 

90 

100 

13 

30 

4  30 

40 

10 

5 

130 

60 

20 

19 

60 

90 

170 

305 

30 

465 

35 

0 

10 

183 

65 

20 

:o 

65 

90 

:65 

630 

190 

400 

180 

0 

10 

220 

75 

20 

21 

80 

1220 

5)0 

865 

1310 

500 

200 

20 

35 

230 

110 

755 

22 

90 

1420 

655 

1030 

1470 

535 

235 

60 

55 

250 

130 

8K5 

23 

125 

1565 

8)0 

1190 

1585 

570 

290 

240 

70 

230 

160 

970 

24 

160 

1590 

1005 

1305 

1640 

600 

315 

375 

75 

340 

200 

1020 

25 

220 

1570 

1540 

1460 

1765 

645 

330 

650 

85 

420 

293 

1030 

26** 

1690 

1595 

21  10 

14  SO 

1775 

67U 

385 

905 

00 

433 

33' 

1070 

•Viral  Crack"  "  **  I'll  lain 
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TABLE _ B-24 

FKgsTRrssi’ir.  steel  strains  oiicro  inches  i»kh  inch),  beam  mi-6 


Load 

Stage 

Stra  In 

Caugu  Location 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

I 

10 

10 

-  5 

0 

10 

2 

10 

15 

-  5 

10 

10 

3 

15 

20 

-  5 

10 

15 

4* 

15 

20 

-  5 

15 

25 

5 

15 

30 

0 

20 

45 

6 

10 

30 

5 

30 

130 

7 

15 

35 

25 

65 

225 

8 

20 

35 

30 

220 

375 

9 

25 

40 

45 

245 

430 

10 

30 

45 

55 

260 

455 

11 

30 

50 

60 

280 

495 

12 

30 

50 

70 

295 

520 

13 

30 

55 

80 

310 

550 

14 

30 

60 

110 

330 

565 

IS 

30 

75 

150 

345 

595 

16 

35 

85 

160 

360 

610 

17 

85 

85 

175 

380 

650 

18 

100 

270 

420 

410 

585 

19 

115 

460 

585 

530 

660 

20** 

130 

420 

580 

795 

655 

*  First  Crack  **  Ultimate 


TABLE  B-25 


STIRRUP  STRAIN'S  (MICRO  INCHES  PER  INCH)  ,  BEAM  BH-6 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

l 

0 

0 

20 

10 

5 

0 

15 

5 

10 

-10 

15 

0 

2 

0 

5 

25 

10 

5 

0 

20 

10 

10 

O 

1 

20 

0 

3 

-10 

10 

30 

230 

5 

0 

30 

25 

15 

-20 

30 

0 

4* 

-10 

20 

35 

275 

10 

0 

35 

50 

20 

20 

35 

10 

5 

-15 

150 

35 

335 

s 

220 

35 

110 

25 

35 

40 

15 

6 

-15 

280 

40 

395 

*5 

605 

45 

120 

60 

50 

45 

15 

7 

-15 

635 

50 

540 

10 

740 

50 

125 

275 

140 

55 

10 

8 

-15 

820 

60 

620 

15 

955 

60 

120 

730 

185 

65 

0 

9 

-15 

900 

70 

730 

15 

1090 

65 

120 

805 

225 

70 

0 

10 

-15 

940 

80 

365 

15 

1150 

70 

120 

840 

265 

80 

0 

11 

-15 

960 

90 

930 

20 

1200 

75 

125 

8S0 

375 

80 

0 

12 

-15 

995 

100 

930 

20 

1255 

80 

130 

905 

440 

85 

0 

13 

10 

1010 

115 

1015 

20 

1300 

90 

145 

930 

490 

90 

-  5 

14 

30 

1055 

140 

1030 

30 

1355 

105 

225 

965 

540 

105 

-  5 

15 

510 

1045 

205 

1045 

95 

1230 

130 

920 

970 

570 

110 

-10 

16 

720 

1030 

305 

1175 

105 

1295 

470 

1190 

995 

625 

115 

5 

17 

790 

1050 

350 

1220 

125 

1350 

660 

1235 

1020 

670 

110 

20 

18 

830 

1105 

390 

1190 

825 

1370 

1010 

1310 

1025 

690 

120 

785 

19 

875 

1180 

570 

13SO 

1010 

1740 

1295 

1530 

1130 

780 

135 

1030 

20** 

1120 

1090 

970 

1420 

1140 

1735 

1300 

1460 

1375 

825 

.  400 

1030 

*  First  Crack  **  Ultlnuito 
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TABLE  P.-26 


WKSTRK'iSIHfi  STP.KL  STRAINS  (MfCHO  nT:HKS_  PER  INLII)  ,  BEAM  BlS-2a 


Load 

Stage 

Strain 

Gau  Locution 

A 

b 

c 

d 

€ 

0 

0 

0 

0 

0 

0 

1 

40 

30 

30 

30 

35 

2 

45 

40 

45 

30 

50 

3 

60 

50 

60 

40 

70 

A 

75 

70 

75 

50 

95 

5 

85 

30 

95 

55 

125 

6 

100 

95 

120 

65 

180 

7 

120 

115 

140 

75 

250 

a* 

135 

130 

160 

90 

320 

9 

155 

150 

190 

110 

500 

10 

230 

220 

260 

180 

1210 

11 

270 

240 

350 

215 

1610 

12 

330 

260 

530 

270 

2010 

13 

395 

320 

715 

390 

2490 

14 

530 

525 

1280 

610 

3220 

15 

660 

670 

1590 

660 

3650 

16 

855 

950 

1915 

780 

4290 

17 

980 

1275 

2180 

630 

4990 

18 

1130 

1530 

- 

- 

5770 

19 

1300 

1780 

- 

- 

- 

20 

1450 

2050 

- 

- 

- 

21** 

1590 

2230 

- 

- 

- 

*  First  Crack  **  Ulticate 


TABLE  B-27 


STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH),  BEAM  BlS-2a 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-8 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

0 

10 

10 

10 

5 

0 

5 

10 

10 

0 

10 

2 

10 

0 

0 

10 

10 

0 

0 

5 

10 

5 

-  5 

5 

3 

10 

0 

0 

10 

10 

0 

-  5 

5 

10 

10 

-  5 

5 

4 

10 

0 

0 

10 

15 

0 

-  5 

5 

20 

10 

-  5 

5 

5 

15 

0 

0 

10 

15 

0 

-  5 

5 

20 

5 

-  5 

5 

6 

15 

0 

0 

10 

10 

0 

-  5 

5 

30 

10 

10 

5 

7 

20 

0 

0 

10 

20 

0 

-  5 

10 

40 

10 

35 

5 

8* 

20 

0 

0 

10 

20 

0 

-  5 

s 

50 

10 

65 

5 

9 

20 

0 

0 

10 

25 

0 

-  5 

5 

90 

10 

75 

15 

10 

25 

-  5 

20 

10 

30 

0 

-  5 

0 

-90 

-10 

80 

210 

11 

30 

-  5 

40 

15 

35 

30 

0 

-10 

-415 

15 

35 

340 

12 

30 

-10 

55 

15 

40 

145 

10 

-30 

-500 

100 

110 

430 

13 

35 

-10 

SO 

15 

40 

220 

10 

-60 

-535 

170 

150 

550 

14 

40 

-15 

135 

20 

40 

260 

10 

-SO 

-550 

180 

210 

490 

15 

40 

-20 

190 

25 

40 

260 

10 

-75 

-550 

170 

240 

470 

16 

40 

-30 

270 

45 

45 

290 

15 

-75 

-550 

170 

290 

470 

17 

45 

-40 

330 

60 

50 

300 

15 

-75 

-540 

170 

320 

480 

18 

45 

-40 

390 

85 

50 

320 

20 

-75 

-490 

190 

340 

530 

19 

45 

-40 

420 

160 

50 

330 

20 

-80 

-155 

190 

370 

590 

20 

50 

-50 

450 

210 

50 

370 

20 

-65 

-320 

190 

410 

660 

21** 

50 

-50 

440 

250 

50 

455 

20 

-10 

-600 

140 

455 

570 

*  Firat  Crack  **  Ultimata 


TABLE  B-23 


prkstkkgsi.’.g  sm. i .  st?a cro  n:rn i-s  pir  n;rii) .  n kam  ins-2b 


Load 

Stage 

Strain 

Gauge  Location 

9 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

25 

25 

25 

25 

30 

2 

40 

40 

40 

.  45 

45 

3 

50 

50 

55 

60 

60 

4 

65 

65 

70 

80 

80 

5 

80 

80 

90 

100 

100 

6 

95 

95 

110 

125 

130 

7 

110 

110 

135 

140 

175 

8* 

125 

125 

155 

160 

220 

9 

145 

145 

185 

185 

300 

10 

185 

195 

275 

245 

770 

11 

220 

265 

665 

1095 

1360 

12 

255 

420 

1000 

1580 

1855 

13 

425 

745 

1270 

2040 

2145 

14 

790 

1170 

1690 

2740 

2230 

15 

940 

1380 

1930 

3150 

- 

16 

1070 

1560 

2130 

3600 

- 

17 

1205 

1795 

2385 

3770 

- 

18 

1340 

2020 

2670 

- 

- 

19** 

- 

- 

3380 

- 

- 

*  First  Crack  **  Ultimate 


TABLE  B-29 


STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH)  ,  BEAM  BlS-2b 


Load 

Stage 


0 

1 

2 

3 

4 

5 

6 
7 

8* 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19** 


Strain  Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

0 

0 

0 

5 

10 

0 

0 

5 

5 

0 

0 

5 

0 

-  5 

5 

10 

0 

-  5 

5 

10 

0 

-  5 

0 

10 

0 

-  5 

S 

15 

0 

-  5 

5 

10 

0 

-  5 

0 

10 

0 

-  5 

5 

15 

0 

-10 

5 

15 

0 

-10 

0 

10 

0 

-  5 

5 

20 

0 

-10 

5 

20 

0 

-10 

0 

15 

0 

-10 

5 

20 

0 

-10 

5 

20 

0 

-  5 

0 

15 

0 

-10 

5 

25 

0 

-15 

5 

25 

5 

10 

10 

15 

0 

-10 

5 

25 

0 

-15 

5 

30 

5 

20 

10 

20 

0 

-10 

5 

30 

0 

-15 

5 

35 

10 

30 

15 

25 

-  5 

-10 

5 

35 

-15 

-15 

5 

55 

65 

40 

65 

25 

0 

0 

10 

50 

-50 

-25 

35 

70 

205 

55 

215 

30 

5 

10 

10 

50 

-65 

-30 

65 

90 

215 

105 

245 

35 

10 

15 

10 

55 

-30 

-30 

75 

115 

200 

200 

265 

35 

5 

15 

0 

65 

-90 

-35 

75 

170 

180 

380 

295 

40 

20 

15 

0 

70 

-90 

-35 

75 

220 

170 

470 

320 

40 

40 

25 

0 

70 

-95 

-35 

75 

260 

170 

530 

345 

45 

75 

45 

0 

75 

-95 

-30 

70 

345 

170 

565 

365 

45 

120 

50 

0 

80 

-95 

-30 

65 

465 

135 

650 

380 

*  Flrat  Crack 
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TABLE  B-30 

pRKvntKSsrNr,  r.TF.Ki.  strains  (micpo  h.tiibs  per  i ?:cii) ,  beam  Bis-4a 


TABLE  B-3X 


STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH),  BEAM  BlS-4a 


Load 

Stage 

Strain  Gauge  Location 

1-T 

l-s 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

5 

0 

0 

5 

10 

0 

0 

0 

0 

5 

0 

10 

2 

5 

0 

0 

5 

10 

0 

0 

0 

5 

5 

0 

10 

3 

5 

0 

5 

5 

15 

-  5 

0 

0 

5 

5 

0 

10 

4 

5 

-  5 

5 

5 

15 

0 

0 

0 

10 

5 

0 

15 

5 

5 

-  5 

5 

5 

15 

0 

0 

0 

10 

5 

0 

15 

6 

5 

-  5 

10 

10 

20 

10 

5 

5 

15 

10 

0 

15 

7 

S 

-  5 

10 

10 

20 

10 

5 

5 

15 

10 

0 

15 

8 

S 

0 

10 

10 

20 

15 

10 

5 

15 

15 

5 

15 

9 

5 

5 

15 

10 

20 

25 

25 

5 

15 

25 

5 

15 

10 

5 

10 

15 

15 

25 

35 

35 

5 

20 

30 

10 

20 

11 

5 

15 

15 

15 

25 

45 

40 

5 

20 

35 

20 

20 

12* 

5 

25 

20 

25 

25 

55 

45 

5 

20 

45 

30 

20 

13 

5 

35 

20 

30 

25 

60 

50 

5 

20 

45 

55 

20 

14 

5 

40 

25 

40 

25 

70 

60 

5 

25 

35 

110 

30 

15 

5 

45 

25 

45 

25 

80 

80 

S 

25 

20 

135 

35 

16 

5 

80 

25 

45 

30 

95 

90 

0 

25 

0 

150 

100 

17 

5 

100 

20 

45 

25 

105 

95 

-  5 

25 

-10 

170 

125 

18** 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

•  First  Crack  »*  Ultimata 
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TABLE  B-32 


PRP.SIVKS-.r NG  STKK1,  nTHA 7 US  (H 1C K)  INCHES  I'l'.R  f r.'.H ) ,  BI-AM  BlS-4b 


Load 

Stage 

Strain 

Gauge  Location 

a 

b 

c 

d 

0 

0 

0 

0 

0 

0 

1 

5 

30 

25 

15 

20 

2 

10 

40 

35 

25 

35 

3 

10 

50 

50 

35 

50 

4 

15 

60 

65 

45 

65 

5 

20 

75 

80 

60 

85 

6 

20 

90 

95 

75 

105 

7 

25 

95 

105 

85 

115 

8 

25 

105 

115 

100 

125 

9* 

30 

110 

125 

110 

135 

10 

35 

120 

135 

125 

160 

11 

40 

135 

145 

140 

220 

12 

45 

150 

155 

145 

415 

13 

45 

170 

170 

155 

625 

14 

55 

190 

180 

170 

760 

15 

70 

205 

190 

185 

885 

16 

85 

225 

205 

210 

1120 

17 

100 

245 

240 

255 

1330 

18 

115 

255 

855 

480 

1510 

19 

135 

280 

1110 

730 

1740 

20 

180 

350 

1280 

1175 

1930 

21** 

- 

- 

- 

- 

- 

*  First  Crack  **  Ultimate 

TABLE  B-33 


STIRRUP  STRAINS  (MICRO  IXCHES  PER  INCH),  BEAM  BlS-4b 


Load 

Strain  Gauge  Location 

Stage 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

10 

0 

-  5 

0 

2 

0 

0 

5 

0 

0 

0 

0 

0 

10 

0 

-10 

5 

3 

0 

5 

5 

0 

5 

0 

0 

0 

15 

0 

-15 

10 

4 

0 

10 

5 

0 

0 

-  5 

5 

5 

20 

0 

-20 

15 

5 

0 

20 

10 

0 

0 

-  5 

5 

5 

25 

5 

-30 

20 

6 

-  5 

30 

10 

5 

*  0 

-10 

5 

10 

30 

20 

-35 

30 

7 

-  5 

35 

10 

5 

0 

-10 

10 

15 

30 

20 

-35 

35 

8 

-  5 

40 

10 

10 

0 

-10 

10 

20 

35 

30 

-35 

40 

9* 

-  5 

45 

15 

10 

0 

-10 

10 

20 

40 

30 

-25 

45 

10 

-  5 

55 

15 

10 

0 

-10 

10 

30 

40 

40 

5 

50 

11 

-  5 

65 

20 

10 

0 

-  5 

10 

35 

45 

45 

60 

55 

12 

0 

80 

20 

15 

0 

5 

10 

50 

50 

20 

235 

50 

13 

0 

90 

20 

20 

0 

15 

10 

60 

55 

0 

425 

35 

14 

0 

105 

20 

25 

-  5 

40 

10 

70 

60 

-15 

545 

30 

15 

0 

125 

20 

35 

-  5 

55 

5 

80 

60 

-30 

610 

30 

16 

0 

165 

15 

40 

-10 

75 

10 

95 

70 

-35 

760 

35 

17 

0 

210 

15 

45 

-15 

90 

10 

110 

75 

-45 

905 

50 

18 

0 

240 

10 

55 

-15 

55 

100 

195 

85 

-45 

1060 

65 

19 

0 

285 

10 

65 

-15 

45 

330 

295 

100 

-15 

1180 

75 

20 

5 

355 

15 

75 

-10 

100 

470 

400 

110 

35 

1280 

85 

21** 

- 

- 

- 

- 

- 

- 

* 

** 

** 

»  First  Crack  **  Ultiast* 
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TAP.I.R  B-V. 


PftPSTRKSSlHO  STKKI.  r.THAtNS  (MICRO  ffICIIKS  PKR  Mini),  BEAM  HIS-fea 


Load 

Stage 

Strain 

C/mge  l/ocntlon 

a 

b 

c 

d 

• 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

2 

5 

0 

s 

-  5 

5 

3 

5 

0 

5 

-  5 

5 

4 

10 

0 

10 

-  5 

5 

5 

10 

5 

10 

-  5 

10 

6 

10 

5 

10 

-  5 

0 

7 

15 

5 

10 

-  5 

5 

3 

15 

10 

10 

-  5 

0 

9 

20 

10 

15 

0 

5 

10 

20 

15 

20 

0 

5 

11 

20 

20 

20 

0 

S 

12 

20 

20 

20 

0 

5 

13* 

20 

20 

25 

5 

10 

14 

25 

25 

25 

15 

10 

15 

25 

25 

20 

20 

10 

16 

30 

25 

25 

50 

10 

17 

30 

25 

20 

160 

10 

18** 

-  5 

-10 

180 

255 

150 

19 

-15 

-30 

-170 

2340 

-340 

20 

+10 

-20 

-1265 

3330 

-955 

*  First  Crack  **  Ultimate 


TABLE  B-35 


STIRRUP  STRAIN'S  (MICRO  INCHES  PER  INCH),  BEAM  BlS-6a 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

2-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

5 

0 

0 

0 

5 

0 

5 

0 

5 

0 

5 

-  5 

3 

5 

0 

5 

-  5 

5 

0 

S 

-  5 

10 

-  5 

5 

-  5 

4 

5 

0 

5 

-  5 

5 

0 

10 

-  5 

10 

-  5 

5 

0 

5 

5 

0 

10 

-  5 

5 

5 

10 

-  5 

15 

-  5 

10 

0 

6 

5 

0 

10 

-  5 

* 

5 

5 

15 

-  5 

20 

-  5 

5 

0 

7 

5 

0 

15 

-  5 

5 

5 

15 

0 

20 

-  5 

10 

5 

8 

5 

0 

15 

10 

5 

10 

20 

5 

25 

-  5 

10 

5 

9 

5 

0 

20 

15 

5 

15 

20 

10 

30 

0 

5 

10 

10 

5 

5 

20 

25 

5 

35 

20 

10 

35 

10 

10 

10 

11 

0 

5 

20 

35 

5 

45 

25 

15 

35 

10 

10 

15 

12 

0 

10 

20 

50 

0 

70 

25 

20 

40 

15 

10 

15 

13* 

0 

10 

20 

70 

0 

115 

25 

30 

40 

15 

10 

20 

14 

0 

15 

20 

100 

0 

200 

25 

35 

40 

20 

10 

30 

15 

0 

15 

20 

130 

-10 

270 

20 

40 

45 

25 

10 

25 

16 

-  5 

15 

15 

180 

-15 

400 

10 

35 

45 

30 

10 

30 

17 

-10 

15 

15 

230 

-20 

610 

10 

20 

45 

30 

10 

35 

18** 

-15 

-  5 

- 

550 

-10 

4435 

55 

505 

660 

10 

0 

390 

19 

80 

-10 

- 

900 

100 

4070 

205 

1390 

- 

10 

-10 

280 

20 

80 

0 

- 

675 

125 

230 

4510 

- 

0 

-20 

260 

*  First  Crack  **  Ultimate 


rarsHE^nx.  smx  r.n>A r.-.  (miceo  rp»  turn),  beam  Bis-tb 


Load 

Stijt 

S( rain 

r.4tfgt  Location 

a 

6 

c 

4 

• 

0 

0 

0 

0 

0 

0 

i 

0 

-  5 

-  3 

0 

10 

i 

10 

0 

0 

10 

i 

10 

0 

0 

-  3 

10 

6 

10 

5 

5 

10 

> 

15 

10 

3 

13 

t 

15 

10 

10 

-  3 

15 

i 

20 

15 

10 

-  3 

20 

% 

20 

15 

10 

-10 

20 

» 

23 

20 

10 

-10 

20 

10 

30 

23 

15 

-10 

20 

11* 

35 

30 

20 

-10 

20 

12 

55 

35 

20 

-  5 

23 

u 

35 

40 

20 

-  3 

30 

14 

40 

40 

23 

-  5 

35 

15 

40 

so 

30 

0 

40 

14 

45 

55 

3tW 

0 

45 

17 

50 

60 

30 

5 

50 

18 

50 

70 

40 

10 

60 

19 

60 

90 

50 

20 

70 

20 

70 

143 

65 

50 

90 

21 

75 

240 

90 

110 

120 

22 

75 

270 

125 

280 

220 

23 

90 

385 

150 

380 

300 

24 

105 

400 

170 

433 

340 

u 

130 

450 

200 

500 

405 

26 

170 

480 

235 

610 

463 

27 

315 

495 

270 

690 

510 

26 

535 

550 

310 

770 

590 

29 

940 

690 

355 

840 

670 

30** 

1500 

1750 

840 

910 

690 

*  riul  Ccack  **  Ultimata 


TABt-E  8-37 

STIRKl-?  STRAINS  (MICEO  INCH;;  PtR  INCH) .  SEAM  BIS-Ab 


Load 

Scaf« 

Strain  Gauge  Location 

1-T 

1-S 

1-8 

1-N 

2-1 

2-S 

2-B 

2-ti 

3-T 

3-S 

3-B 

3-S 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

5 

0 

0 

0 

0 

5 

0 

2 

0 

0 

5 

-  5 

-  5 

5 

5 

0 

3 

0 

5 

10 

3 

0 

5 

5 

0 

0 

5 

10 

5 

5 

0 

0 

5 

4 

0 

5 

10 

0 

-  5 

5 

10 

10 

10 

0 

5 

10 

3 

0 

10 

10 

0 

-  3 

0 

10 

10 

10 

0 

0 

10 

6 

0 

10 

10 

0 

-10 

0 

10 

15 

10 

0 

0 

15 

7 

0 

15 

10 

0 

-10 

3 

10 

15 

10 

0 

0 

20 

8 

0 

20 

10 

0 

-10 

5 

10 

20 

10 

0 

0 

20 

9 

0 

20 

15 

10 

-15 

10 

15 

30 

15 

10 

0 

30 

10 

-  5 

20 

15 

30 

-20 

10 

15 

45 

15 

10 

0 

30 

11* 

-10 

25 

20 

40 

-20 

30 

20 

60 

20 

15 

10 

40 

12 

-10 

30 

20 

40 

-20 

40 

20 

70 

25 

20 

15 

40 

13 

-10 

35 

20 

45 

-15 

45 

20 

75 

30 

20 

15 

AS 

14 

-10 

40 

30 

50 

-10 

60 

20 

90 

45 

23 

20 

60 

15 

-15 

45 

35 

60 

15. 

83 

20 

100 

55 

30 

20 

70 

16 

-20 

50 

40 

75 

45 

no 

20 

105 

60 

35 

20 

85 

17 

-20 

45 

50 

150 

70 

130 

20 

110 

75 

45 

35 

100 

18 

-30 

40 

45 

240 

100 

155 

30 

120 

100 

50 

30 

100 

19 

-30 

45 

50 

300 

150 

205 

85 

120 

125 

65 

40 

no 

20 

-30 

120 

70 

350 

260 

310 

50 

115 

160 

75 

75 

105 

21 

-35 

210 

90 

430 

470 

460 

130 

200 

360 

210 

170 

85 

22 

-25 

290 

100 

495 

670 

520 

170 

380 

640 

320 

310 

no 

23 

• 

N» 

o 

3S0 

125 

540 

760 

360 

:;o 

530 

730 

350 

410 

230 

24 

0 

630 

340 

700 

840 

590 

230 

590 

790 

360 

480 

306 

25 

70 

730 

470 

800 

905 

630 

315 

635 

350 

330 

550 

370 

26 

190 

840 

570 

660 

960 

670 

355 

675 

900 

400 

610 

440 

27 

565 

920 

675 

925 

990 

690 

J95 

730 

930 

410 

640 

490 

28 

800 

950 

800 

1010 

10?0 

730 

4  30 

60 O 

970 

425 

670 

565 

29 

1055 

980 

940 

1070 

1030 

763 

490 

830 

1010 

4  30 

700 

640 

30«« 

1 155 

1280 

1330 

1035 

990 

890 

755 

1005 

9  50 

420 

480 

640 

•  Hnl  CraTK  r*  VitiMtt 
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TAfit.K  8-38 


prp.stkrssihc  strkt.  stka i tr:_  0' i t:rr>  incurs  prr  i »:no .  bkam  cs-l 


Load 

Sta^e 

Strain 

Cau?,e  Location 

6 

b 

c 

d 

c 

0 

0 

0 

0 

0 

0 

1 

45 

50 

50 

•  -55 

-50 

2 

95 

100 

100 

-115 

-125 

3 

155 

150 

160 

-185 

-195 

4 

215 

220 

225 

-255 

-270 

5 

270 

280 

280 

-315 

-335 

6 

340 

360 

355 

-385 

-410 

7 

460 

465 

480 

-440 

-470 

8* 

565 

555 

575 

-485 

-525 

9 

675 

645 

685 

-530 

-570 

10 

805 

775 

310 

-570 

-615 

11 

940 

910 

930 

-610 

-670 

12 

1085 

1055 

1075 

-660 

-720 

13 

1230 

1210 

1225 

-705 

-775 

14 

1370 

1355 

1360 

-745 

-825 

15 

1490 

1560 

1330 

-795 

-895 

16 

1560 

1805 

1250 

-850 

-960 

17 

1480 

2050 

1190 

-905 

-1035 

18 

1520 

2280 

1035 

-990 

-1165 

19** 

- 

3100 

- 

- 

- 

*  First  Crack  **  Ultinace 
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TABLE  B-39 

PRKSTKKSSIW:  STEEL  STRAINS  (MICK  <>_  1  w :  I  IIS  I'  EH  INCH).  BEAM  CS-2 


Load 

Stage 

Strain 

Cange  Location 

A 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

30 

35 

40 

40 

40 

2 

70 

75 

80 

85 

90 

3 

105 

120 

120 

130 

120 

4 

140 

160 

165 

180 

195 

5 

170 

190 

195 

210 

225 

6 

185 

210 

220 

235 

265 

7 

200 

235 

245 

265 

300 

8 

220 

255 

265 

300 

350 

9* 

240 

280 

290 

340 

400 

10 

265 

315 

335 

395 

505 

11 

295 

355 

415 

470 

680 

12 

340 

420 

500 

610 

935 

13 

400 

500 

635 

835 

1245 

14 

440 

585 

780 

1025 

3400 

15 

490 

700 

1000 

1235 

- 

16 

550 

835 

1200 

1450 

- 

17 

630 

1020 

1405 

1675 

- 

18 

740 

1240 

1635 

1810 

- 

19 

820 

1360 

1720 

1895 

- 

20** 

- 

- 

- 

- 

- 

*  First  Crack  **  Ultimate 


TABLE  B-40 


STIRRUP  STRAIN’S  (MICRO  INCHES  PER  INCH)  .  BEAM  CS-2 


Load 

Strain  Gauge 

Location 

Stage 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

25 

0 

0 

5 

5 

5 

0 

0 

10 

0 

0 

0 

2 

35 

0 

-10 

5 

15 

10 

-10 

5 

25 

0 

-10 

0 

3 

45 

0 

-15 

5 

20 

10 

-15 

5 

40 

5 

-20 

5 

4 

50 

0 

-20 

5 

30 

15 

-25 

5 

50 

5 

-30 

0 

5 

55 

0 

-20 

5 

35 

15 

-30 

5 

60 

5 

-40 

0 

6 

65 

0 

-25 

10 

40 

15 

-30 

5 

65 

0 

-40 

0 

7 

60 

0 

-25 

10 

40 

15 

-30 

5 

70 

0 

-45 

0 

8 

60 

0 

-25 

10 

45 

15 

-35 

5 

75 

0 

-45 

-  5 

9* 

60 

0 

-25 

10 

50 

15 

-35 

0 

85 

-  5 

-50 

O 

•H 

1 

10 

70 

0 

-30 

10 

55 

15 

-30 

0 

95 

-15 

-40 

-10 

11 

70 

-  5 

-30 

10 

60 

10 

20 

10 

100 

1 

o 

-20 

-25 

12 

75 

-10 

-25 

5 

65 

S 

55 

5 

110 

-65 

15 

-40 

13 

85 

-15 

o 

1 

5 

50 

-  5 

110 

10 

125 

-90 

75 

-70 

14 

35 

-20 

20 

0 

75 

-15 

150 

10 

135 

-100 

115 

-85 

15 

90 

-25 

55 

-  5 

7S 

-20 

220 

15 

150 

-100 

170 

-105 

16 

95 

-35 

90 

-10 

30 

-20 

290 

30 

155 

-85 

220 

-120 

17 

100 

-40 

135 

-15 

85 

-20 

375 

65 

180 

-80 

275 

-135 

18 

145 

1 

O 

205 

-25 

90 

70 

470 

125 

235 

-95 

390 

-40 

19 

100 

-50 

255 

-30 

95 

110 

535 

155 

340 

-90 

550 

+145 

20*  » 

- 

- 

- 

- 

- 

“ 

“■ 

• 

** 

* 

‘  First  Crock  **  Ultimata 


■ 
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TAhf.r 

B-61 

PRKETMK'iMtr;  S1KKI. 

STM A INN  (MM 

mo  rm 

M\n 

cr.-3 

Und 

.'•train  C.rin«  I>»rntloii 

Stage 

A 

b 

c 

4 

• 

0 

0 

0 

0 

0 

0 

i 

30 

35 

35 

40 

60 

2 

70 

80 

80 

90 

125 

1 

95 

110 

110 

120 

165 

4 

120 

135 

135 

•150 

205 

5 

140 

165 

165 

185 

240 

6 

160 

185 

190 

210 

270 

7 

175 

205 

210 

235 

305 

8 

195 

230 

235 

260 

355 

9 

215 

255 

260 

290 

415 

10* 

23S 

280 

285 

310 

495 

11 

255 

310 

315 

385 

630 

12 

275 

335 

340 

450 

815 

11 

300 

370 

375 

535 

980 

14 

320  - 

410 

410 

670 

1150 

15 

340 

455 

515 

895 

1300 

16 

360 

525 

685 

1035 

1455 

17 

380 

695 

875 

1265 

1670 

18 

400 

895 

1025 

1400 

1840 

19 

415 

1050 

1145 

1520 

1980 

20 

465 

1230 

1320 

1690 

2170 

2L 

545 

1360 

1455 

1830 

2325 

22 

740 

1485 

1600 

1970 

2510 

23 

1070 

1555 

1680 

2070 

2675 

24 

1150 

1635 

1760 

2175 

2830 

25** 

- 

- 

- 

3050 

*  First  Crack  '**  Ultinate 


TABLE  8-42 

STI8EUP  STRAINS  rVICP.O  miES  PEE  INCH).  BEAa  CS-3 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-3 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-S 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

i 

5 

s 

0 

5 

10 

5 

0 

5 

15 

0 

-  5 

5 

2 

IS 

s 

0 

10 

20 

5 

-10 

S 

30 

0 

-15 

5 

3 

20 

0 

0 

10 

25 

10 

-10 

10 

40 

0 

-25 

0 

4 

25 

0 

0 

10 

30 

10 

-15 

10 

45 

-  5 

-30 

0 

5 

30 

0 

0 

10 

35 

10 

-15 

10 

55 

-to 

-35 

0 

6 

30 

0 

0 

15 

43 

10 

-20 

10 

65 

-10 

-35 

0 

7 

30 

0 

0 

15 

45 

15 

-20 

10 

70 

-10 

-40 

0 

8 

35 

0 

0 

15 

50 

15 

-20 

10 

so 

-10 

-40 

0 

9 

35 

0 

10 

15 

55 

25. 

-15 

5 

90 

-10 

-45 

-  5 

10* 

35 

0 

30 

15 

60 

30 

-25 

0 

100 

-t5 

-55 

-10 

11 

40 

0 

60 

15 

65 

30 

-15 

0 

105 

-25 

-60 

-25 

12 

40 

10 

SO 

15 

70 

35 

0 

-  5 

110 

-50 

-70 

-40 

13 

40 

10 

no 

15 

70 

40 

20 

-IS 

120 

-70 

-60 

-50 

14 

45 

10 

130 

15 

75 

35 

35 

-20 

125 

-85 

-20 

-70 

15 

45 

10 

155 

15 

75 

25 

65 

-10 

115 

-85 

45 

-70 

16 

45 

10 

135 

15 

70 

25 

100 

-  5 

150 

-65 

105 

-45 

17 

45 

0 

225 

20 

65 

95 

165 

0 

1S5 

-50 

125 

120 

18 

40 

-  5 

255 

30 

65 

255 

220 

5 

240 

-35 

140 

350 

19 

40 

-10 

260 

60 

65 

390 

270 

10 

290  , 

-20 

155 

565 

20 

35 

-10 

265 

100 

70 

535 

415 

25 

175 

-  5 

170 

810 

21 

25 

-10 

275 

145 

90 

725 

M 

45 

450 

10 

185 

990 

22 

25 

-15 

235 

220 

120 

570 

760 

90 

500 

70 

205 

1180 

21 

15 

-35 

463 

310 

140 

950 

570 

120 

5K3 

30 

230 

1125 

24 

15 

-40 

535 

340 

160 

1060 

955 

145 

sss 

45 

260 

1410 

25** 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

'*  Eli  «i  (rack  *<  I'lt  Iml* 
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TAHl.g  r.-43 

P8k:.trkssin>:  5TK.pt.  sti-a >.*■"■  (liCko  iwtr.  pfk  r.m  cs-4 


Load 

St  rain 

C.viy.e  location 

Stag* 

A 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

-10 

-IS 

-15 

-.20 

-20 

2 

-20 

-30 

-30 

-40 

-40 

3 

-30 

-40 

-50 

-60 

-60 

4 

-40 

-55 

-65 

-80 

-85 

5 

-50 

-70 

-80 

-105 

-115 

( 

-70 

-85 

-100 

-125 

-140 

7 

-90 

-105 

-120 

-145 

-165 

t 

-10S 

-115 

-no 

-160 

-180 

9 

-110 

-125 

-135 

-170 

-190 

10 

-120 

-140 

-145 

„-180 

-205 

11 

-130 

-160 

-155 

-190 

-215 

12* 

-140 

-175 

-165 

-200 

-230 

13 

-150 

-200 

-175 

-215 

-245 

14 

-165 

-215 

-185 

-235 

-255 

15 

-130 

-230 

-200 

-240 

-270 

14 

-190 

-245 

-210 

-250 

-280 

17 

-200 

-250 

-220 

-260 

-300 

13 

-210 

-260 

-230 

-270 

-310 

19 

-215 

-265 

-240 

-285 

-330 

20 

-230 

-280 

-255 

-300 

-350 

21 

-280 

-340 

-300 

-330 

-375 

22 

23** 

-315 

-425 

-365 

-380 

-410 

*  First  Crack  **  Ultimate 


TABIE  B-44 


STIRRUP  STRAINS  (MICRO  INCHES  PTH  INCH).  8F.AM  CS-4 


Load 

Stage 

Strain 

Gauge 

Location 

1-T 

l-S 

1-3 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-8 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

10 

0 

0 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

15 

0 

0 

0 

4 

0 

0 

0 

5 

5 

0 

0 

0 

20 

5 

-10 

-  5 

5 

0 

0 

0 

5 

5 

0 

0 

5 

25 

10 

-10 

-  5 

6 

10 

s 

0 

10 

10 

5 

0 

5 

30 

10 

-10 

-  5 

7 

25 

10 

0 

15 

10 

15 

0 

10 

40 

20 

-10 

-  5 

8 

25 

20 

0 

20 

10 

20 

0 

10 

45 

35 

-  5 

-  5 

9 

30 

30 

0 

20 

10 

25 

0 

IS 

50 

45 

5 

-10 

10 

40 

40 

0 

25 

10 

30 

0 

15 

50 

50 

15 

-10 

11 

50 

55 

0 

30 

10 

30 

0 

15 

55 

60 

30 

-10 

12* 

80 

70 

-  5 

35 

10 

35 

0 

20 

60 

85 

45 

-10 

13 

105 

85 

-  5 

40 

10 

40 

5 

20 

60 

100 

60 

-10 

14 

130 

100 

-  5 

50 

10 

45 

5 

20 

65 

115 

70 

-10 

15 

145 

115 

-10 

55 

15 

50 

5 

20 

65 

125 

75 

-10 

16 

155 

140 

-10 

65 

15 

60 

5 

25 

70 

140 

30 

-10 

17 

160 

170 

-15 

75 

13 

65 

10 

25 

70 

145 

75 

-  5 

18 

170 

200 

-20 

85 

15 

60 

s 

23 

70 

145 

90 

-25 

19 

195 

220 

o 

ft 

1 

100 

20 

75 

10 

30 

63 

no 

140 

o 

1 

20 

260 

220 

-30 

110 

25 

90 

15 

33 

65 

135 

215 

-25 

21 

3‘>0 

235 

25 

490 

15 

95 

15 

33 

65 

145 

255 

o 

1 

22 

S00 

750 

545 

MO 

5 

80 

10 

20 

70 

153 

290 

-10 

21** 

- 

- 

« 

- 

• 

* 

- 

- 

• 

* 

- 

•  First  Crack  •*  Vltluta 
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TAM.K  8-45 


n’Kr.TKK:;,:it.-<-.  vrn  i.  strains  f:nr;’o  r.-jriir^;  itk  ihthj.  mu  cs-s 


Loud 

StA^C 

Strain 

Cnuyc  Location 

a 

b 

c 

4 

• 

0 

0 

0 

0 

0 

0 

l 

-  5 

-  5 

-  5 

-10 

-to 

2 

-15 

-10 

-15 

-20 

-25 

) 

60 

20 

20 

30 

40 

4 

no 

75 

35 

35 

50 

5 

180 

no 

60 

40 

55 

6 

2  JO 

150 

90 

50 

60 

7 

270 

190 

ns 

65 

65 

« 

305 

220 

185 

85 

70 

9 

330 

255 

200 

100 

80 

10 

355 

280 

225 

115 

90 

11 

380 

300 

250 

no 

100 

12* 

*00 

320 

270 

145 

105 

13 

435 

345 

300 

175 

125 

14 

465 

370 

340 

220 

150 

15 

525 

415 

395 

280 

190 

16 

565 

465 

*50 

360 

255 

17 

590 

520 

505 

410 

295 

18 

600 

560 

550 

455 

330 

19 

490 

595 

580 

510 

385 

20 

360 

600 

590 

553 

410 

21 

-245 

-425 

-635 

-545 

-430 

22** 

-160 

-  20 

-605 

-585 

-4  75 

*  First  Crack  **  Ultiinace 


TABLE  B-*6' 

STIRRl?  STRAIN'S  QIICRO  INCHES  PER  INCH),  BEAM  CS-S 


Load 

Stage 

Strain 

Gauge  Location 

l-T 

1-S 

1-B 

1-9 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

5 

-  5 

0 

s 

-  5 

-  5 

3 

0 

0 

0 

2 

0 

10 

10 

-10 

0 

10 

-10 

-10 

10 

0 

-  5 

5 

3 

0 

15 

10 

-10 

0 

10 

-10 

-10 

10 

0 

-10 

5 

4 

0 

20 

15 

-15 

5 

15 

-15 

-10 

15 

0 

-10 

5 

5 

0 

25 

15 

-15 

10 

15 

-15 

-  5 

15 

0 

-10 

5 

6 

0 

35 

15 

-15 

10 

15 

-20 

-  5 

20 

0 

-10 

5 

7 

0 

40 

15 

-IS 

10 

15 

-20 

-  5 

20 

5 

-10 

5 

8 

0 

50 

15 

-20 

10 

20 

-20 

-  5 

20 

10 

-10 

10 

9 

0 

55 

20 

-20 

15 

20 

-20 

0 

25 

10 

-10 

15 

10 

10 

65 

20 

-:o 

15 

25 

-20 

5 

25 

15 

-  5 

15 

11 

10 

70 

20 

-20 

15 

25 

-20 

10 

30 

20 

0 

15 

12* 

10 

75 

20 

-20 

20 

30 

-20 

20 

35 

30 

0 

20 

13 

10 

SO 

20 

-25 

20 

35 

-20 

30 

40 

35 

0 

25 

14 

IS 

80 

10 

-45 

15 

*0 

-20 

45 

40 

45 

0 

25 

IS 

35 

75 

0 

-55 

10 

40 

-20 

65 

45 

60 

s 

25 

16 

65 

80 

-10 

-60 

10 

50 

-20 

30 

50 

70 

10 

30 

17 

90 

95 

-25 

-55 

10 

60 

-20 

90 

55 

85 

10 

30 

18 

125 

200 

o 

1 

-50 

10 

70 

-20 

100 

60 

105 

20 

35 

19 

24ft 

580 

65 

5 

30 

60 

-45 

no 

70 

120 

25 

35 

20 

3Q0 

350 

355 

103ft 

40 

65 

-10 

ISO 

80 

145 

35 

35 

21 

62ft 

1115 

740 

1565 

130 

85 

160 

250 

90 

165 

45 

40 

72*  * 

1410 

1830 

- 

If*  Oft 

05ft 

*65 

565 

4  SO 

65 

140 

25 

40 

•  First  Crack  **  Ultirctl* 
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TABLt  8-47 

msTVESstw.  5Trri.  strains  (micro  inches  rrn  inch),  beam  cs-6 


Load 

Sup 

Strain 

Cauga  Location 

4 

b 

C 

4 

• 

0 

5 

5 

- 5 - 

3 

i 

0 

0 

0 

10 

a 

0 

0 

0 

10 

a 

0 

• 

0 

10 

4 

0 

0 

-  5 

10 

3 

-  J 

0 

-  5 

10 

( 

-20 

-  5 

-  3 

3 

7 

-33 

-a 

-  3 

3 

• 

-65 

-35 

-10 

3 

» 

-40 

-30 

-13 

3 

10 

-105 

-70 

-45 

-  3 

a 

-125 

-90 

-65 

-13 

it* 

-140 

-105 

-85 

-33 

13 

-160 

-120 

-113 

-53 

14 

-185 

-135 

-143 

-43 

is 

-220 

-170 

-185 

-145 

16 

-253 

-210 

-235 

-235 

17 

-295 

-245 

-265 

-290 

1« 

-285 

-265 

-295 

-373 

19 

-280 

-280 

-340 

-440 

20 

-310 

-330 

-420 

-315 

21 

-200 

-320 

-430 

-343 

22 

-100 

-305 

-420 

-350 

23 

10 

-295 

-415 

-555 

2*** 

125 

-290 

-450 

-370 

2$ 

- 

- 

- 

- 

•  Flrtt  Crack  **  Ultimata 


TABLE  B— 48 


STIRRUP  STRAINS  (MICRO  INCHES  PER  ITCH) ,  BEAM  CS-6 


Load 

Stag* 

Strain  Cauge  Location 

l-T 

l-S 

1-B 

l-S 

2-T 

2-S 

2-B 

2-9 

3-T 

3-S 

3-B 

3-9 

0 

0 

0 

- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

3 

0 

0 

- 

0 

0 

0 

3 

0 

0 

0 

3 

0 

4 

-  3 

0 

- 

5 

0 

0 

10 

0 

0 

-  5 

-  3 

10 

3 

-  3 

0 

- 

10 

0 

0 

10 

5 

3 

-10 

-  3 

10 

4 

-  5 

0 

- 

a 

0 

0 

10 

5 

3 

-10 

-  5 

10 

7 

-  5 

0 

- 

25 

3 

0 

15 

3 

3 

-15 

-  3 

15 

8 

-  5 

-  5 

- 

35 

30 

-10 

15 

10 

10 

-15 

-  5 

a 

9 

0 

-  5 

- 

50 

45 

-10 

15 

10 

10 

-15 

-  3 

15 

10 

0 

-  5 

- 

60 

55 

-10 

13 

10 

10 

-20 

-  5 

20 

11 

5 

-  3 

- 

75 

65 

-15 

15 

15 

13 

-20 

-  3 

20 

12* 

10 

-  5 

- 

95 

75 

-15 

15 

15 

15 

-20 

-  3 

20 

13 

10 

-10 

- 

150 

100 

-20 

20 

25 

20 

-23 

-10 

25 

14 

5 

-15 

- 

260 

125 

-20 

20 

30 

23 

-30 

-10 

30 

13 

0 

-25 

- 

385 

155 

-20 

20 

35 

35 

-33 

-10 

30 

16 

-10 

-35 

- 

510 

215 

-25 

20 

33 

50 

-43 

-10 

33 

17 

-10 

-50 

- 

590 

275 

-35 

20 

15 

73 

-50 

-10 

40 

18 

0 

-to 

- 

640 

190 

-45 

15 

75 

113 

-65 

-IS 

30 

19 

20 

-70 

- 

690 

645 

-70 

.  5 

5 

140 

-85 

-20 

70 

20 

790 

265 

- 

773 

743 

-85 

-15 

0 

160 

-95 

-23 

90 

21 

1050 

700 

- 

905 

905 

-90 

-30 

90 

175 

-105 

-35 

113 

22 

1270 

1045 

- 

1060 

1055 

-100 

40 

ViO 

185 

-115 

-43 

160 

23 

1420 

1190 

- 

1220 

1170 

-63 

220 

455 

200 

-125 

-55 

220 

24** 

MV) 

1495 

- 

1443 

1200 

273 

540 

1140 

205 

-no 

•JO 

240 

•  Plrai  Crack  •‘Ultlavat* 
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TAfH.K  B -49 


PFKSTkKSr.HW  KTKKI.  STRATH';  (MICRO  (MCIIKS  PKK  P.'CII) ,  BKAH  Cll-l 


Load 

Stage 

Strain 

Guuge  location 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

45 

50 

50 

-60 

-55 

2 

100 

110 

115 

-140 

-125 

3 

165 

175 

185 

-225 

-205 

4 

200 

220 

230 

-275 

-260 

5 

250 

270 

280 

-330 

-315 

6 

280 

310 

315 

-370 

-350 

7 

315 

345 

350 

-41S 

-390 

8* 

355 

390 

390 

-455 

-430 

9 

400 

450 

450 

-515 

-480 

10 

475 

535 

545 

-565 

-530 

11 

570 

625 

640 

-620 

-580 

12 

715 

765 

805 

-680 

-635 

13 

875 

935 

980 

-745 

-690 

14 

1055 

1035 

1160 

-800 

-730 

15 

1240 

1275 

1385 

-865 

-785 

16 

1425 

1465 

1620 

-920 

-830 

17 

1625 

1660 

1795 

-990 

-890 

18 

1830 

1900 

1855 

-1050 

-950 

19 

2040 

2240 

1910 

-1100 

-1005 

20 

2145 

2445 

1910 

-1150 

-1055 

21 

217S 

2520 

1930 

-1170 

-1065 

22 

2200 

2440 

1935 

-1205 

-1080 

23** 

2280 

2460 

1970 

-1240 

-1130 

*  First  Crack  **  Ultimate 


215 


TARI.E  R-50 


I'RKstrrssinc  stkki,  strain';  imicbo  inches  _rai  inch),  nm  cn-2 


Load 

Stage 

Strain 

Caugc  Location 

a 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

30 

30 

40 

45 

45 

2 

65 

70 

90 

.  100 

115 

3 

105 

115 

145 

160 

190 

4 

150 

160 

205 

225 

280 

5 

175 

190 

245 

265 

340 

6* 

195 

215 

270 

310 

400 

7 

220 

240 

3C0 

350 

490 

8 

240 

265 

335 

475 

610 

9 

265 

295 

385 

565 

780 

10 

290 

310 

535 

740 

1010 

11 

315 

335 

830 

950 

1210 

12 

355 

365 

1145 

1200 

1425 

13 

460 

405 

1300 

1430 

1615 

14 

710 

515 

1460 

1665 

1890 

15 

850 

740 

1640 

1915 

2160 

16 

975 

1185 

1825 

2160 

2440 

17 

1150 

1365 

2055 

2450 

2735 

18 

1270 

1520 

2250 

2735 

3025 

19 

1355 

1620 

2355 

2880 

3180 

20** 

1430 

1700 

2450 

3025 

3320 

*  First  Crack  **  Ultimate 


TABLE  B-51 


STIRRUP  STRAINS  Q-IICRO  INCHES  PER  INCH)  ,  BEAM  CH-2 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

10 

10 

0 

0 

10 

0 

0 

0 

2 

5 

0 

-10 

10 

20 

15 

-10 

10 

35 

0 

-15 

0 

3 

15 

5 

-20 

10 

30 

20 

-15 

15 

50 

0 

-30 

0 

4 

25 

15 

-25 

10 

35 

25 

-25 

15 

60 

0 

-45 

-  5 

5 

25 

30 

-30 

15 

40 

35 

-25 

15 

65 

-  5 

-60 

-15 

6* 

30 

35 

-35 

15 

45 

• 

40 

-25 

15 

70 

-  5 

-65 

-15 

7 

35 

45 

-35 

15 

50 

45 

-30 

15 

75 

-  5 

-70 

-20 

8 

40 

50 

-40 

15 

55 

50 

-25 

15 

85 

25 

-  5 

-15 

9 

45 

65 

-40 

15 

60 

60 

0 

15 

95 

125 

5 

0 

10 

50 

70 

-45 

20 

65 

70 

135 

20 

110 

220 

110 

15 

11 

65 

80 

-50 

20 

70 

70 

275 

25 

125 

310 

185 

20 

12 

55 

95 

-45 

25 

80 

75 

475 

20 

140 

435 

235 

40 

13 

65 

105 

-10 

25 

90 

60 

605 

20 

155 

515 

270 

80 

14 

70 

105 

170 

15 

105 

90 

700 

20 

175 

600 

315 

95 

15 

75 

110 

285 

15 

115 

115 

605 

30 

200 

680 

35S 

95 

16 

85 

105 

380 

30 

135 

275 

870 

45 

240 

760 

395 

85 

17 

95 

105 

475 

40 

150 

370 

955 

60 

280 

895 

435 

85 

18 

105 

100 

570 

50 

165 

435 

1025 

80 

300 

985 

470 

80 

19 

115 

180 

600 

60 

180 

500 

1065 

90 

325 

1030 

500 

85 

20** 

120 

215 

625 

70 

190 

550 

1080 

100 

325 

1050 

500 

85 

*  First  Crack  **  Ultimata 
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TABLE  A-32 


fttSTRESSIXT.  STEEL  5 TEA  1  NS  (MICRO  [110185  f H  TNCTI)  ,  BFAX  CH-) 


Load 

Stage 

Strain 

Cauga  Location 

a 

b 

C 

6 

% 

0 

0 

0 

0 

0 

0 

1 

35 

35 

65 

35 

85 

I 

70 

75 

95 

75 

150 

3 

90 

100 

130 

105 

190 

4 

110 

130 

160 

135 

225 

3 

125 

150 

1S5 

155 

260 

* 

165 

170 

210 

ISO 

300 

7 

155 

190 

235 

205 

335 

»• 

160 

200 

250 

215 

360 

» 

ISO 

225 

275 

265 

625 

10 

195 

265 

295 

265 

565 

11 

210 

270 

325 

610 

715 

12 

225 

295 

390 

680 

935 

13 

235 

510 

765 

835 

1065 

U 

310 

650 

1030 

1100 

1170 

15 

370 

925 

1180 

1610 

1320 

16 

610 

1065 

1325 

1635 

1505 

17 

655 

1150 

1685 

1810 

1665 

18 

675 

1265 

1610 

1910 

1630 

19 

510 

1360 

1730 

2030 

1660 

20 

550 

1660 

1850 

2160 

1760 

21 

590 

1560 

1985 

2315 

1925 

22 

620 

1655 

2115 

2675 

2160 

23** 

- 

- 

- 

2700 

- 

*  First  Crack  **  Oltloaca 


TAJLE  B-S3 


STIRKIJ?  STRAIN'S  (MICRO  INCHES  PER  INCH)  .  BEAM  CH-3 


Load 

Stage 

Strain  Cauge  Location 

l-T 

1-S 

1-B 

1-S 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-8 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

10 

0 

0 

10 

10 

10 

-10 

5 

15 

10 

-10 

0 

2 

20 

0 

-10 

10 

20 

15 

-15 

5 

30 

10 

-20 

0 

3 

25 

0 

-20 

10 

25 

20 

-20 

5 

40 

10 

-30 

0 

6 

30 

0 

-25 

10 

30 

20 

-25 

5 

50 

15 

-60 

0 

5 

60 

5 

-30 

10 

35 

25 

-30 

10 

55 

15 

-50 

0 

6 

65 

5 

-30 

10 

60 

30 

-35 

10 

60 

15 

-60 

0 

7 

50 

10 

-35 

10 

65 

35 

-35 

10 

70 

20 

-60 

0 

8* 

50 

15 

-35 

10 

65 

60 

-35 

10 

75 

20 

-65 

0 

9 

55 

20 

-60 

10 

50 

50 

-60 

10 

80 

60 

-15 

-  5 

10 

60 

50 

-60 

10 

55 

50 

-60 

10 

90 

190 

-30 

-  5 

11 

65 

120 

-65 

10 

60 

55 

-60 

10 

100 

300 

-20 

-  5 

12 

75 

180 

-65 

10 

65 

80 

-60 

20 

120 

510 

760 

30 

13 

80 

260 

-30 

10 

80 

530 

-20 

50 

160 

660 

850 

190 

16 

85 

700 

0 

0 

105 

710 

360 

160 

170 

780 

935 

355 

15 

100 

925 

510 

10 

125 

880 

675 

275 

205 

680 

1010 

535 

16 

no 

1115 

6  70 

30 

165 

965 

850 

390 

250 

940 

1080 

665 

17 

120 

1320 

775 

70 

170 

1050 

995 

490 

300 

990 

1080 

765 

18 

135 

1380 

860 

105 

190 

1085 

1090 

560 

335 

1035 

1130 

835 

19 

160 

1460 

915 

135 

200 

1105 

1165 

610 

365 

1075 

1160 

845 

20 

150 

1560 

965 

180 

215 

1130 

1235 

675 

615 

1090 

1205 

885 

21 

160 

1600 

1020 

210 

230 

1155 

1310 

775 

675 

1060 

1385 

900 

22 

160 

1670 

1070 

250 

265 

1160 

1375 

770 

555 

1070 

1655 

975 

21“ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

* 

- 

- 

*  rirat  Crack  ' *  Ultimata 


. 
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TAHIR  E-54 


PKKSTKFssrfr-  mm.  sthatn';  (micro  inches  pkh  rt:ai),  beam  cii-4 


Load 

Stage 

Strain 

Gauge  (^cation 

a 

b 

c 

d 

e 

0 

- 

0 

0 

0 

0 

1 

- 

-15 

-20 

-30 

20 

2 

- 

-30 

-30 

-55 

10 

3 

- 

-40 

-40 

-30 

-  5 

4 

- 

-55 

-55 

-130 

-30 

5* 

- 

-70 

-75 

-130 

-35 

6 

- 

-80 

-90 

-155 

-50 

7 

- 

-85 

-95 

-175 

-60 

8 

- 

-95 

-110 

-180 

o 

r- 

1 

9 

- 

-110 

-130 

-190 

-55 

10 

- 

-120 

-140 

-200 

-50 

11 

- 

-125 

-135 

-205 

-40 

12 

- 

-120 

-130 

-205 

-30 

13 

- 

-105 

-110 

-200 

5 

14 

- 

-55 

-105 

-205 

65 

15** 

- 

20 

-25 

-210 

35 

*  First  Crack  **  Ultimate 


TABLE  B-5S 

STIRRUP  STRAINS  (MICRO  INCHES  PER  INCH) ,  BEAM  CH-4 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-B 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-B 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

5 

0 

0 

0 

10 

0 

0 

5 

5 

0 

10 

2 

10 

10 

0 

0 

5 

15 

-10 

0 

5 

10 

0 

10 

3 

15 

15 

-10 

0 

10 

25 

-10 

0 

10 

15 

0 

10 

4 

25 

35 

-15 

0 

15 

40 

-15 

0 

10 

30 

-  5 

10 

5* 

30 

50 

-25 

0 

29 

80 

-25 

0 

10 

160 

-15 

10 

6 

35 

8S 

-30 

0 

25 

145 

-35 

0 

15 

305 

-20 

10 

7 

55 

145 

-40 

0 

30 

240 

-40 

0 

20 

480 

-20 

10 

8 

65 

185 

-50 

0 

35 

340 

-45 

0 

20 

660 

-25 

10 

9 

75 

260 

-55 

0 

40 

490 

-45 

0 

20 

720 

-20 

25 

10 

80 

315 

-55 

0 

40 

600 

-45 

0 

25 

760 

-25 

60 

11 

95 

350 

-55 

0 

45 

675 

-35 

0 

25 

835 

-25 

110 

12 

110 

365 

-45 

5 

50 

730 

-30 

0 

30 

875 

-30 

210 

13 

125 

400 

25 

10 

50 

850 

-35 

0 

40 

930 

-10 

360 

14 

185 

450 

30 

90 

75 

1075 

-45 

0 

70 

935 

70 

580 

15** 

630 

510 

155 

605 

170 

1175 

170 

45 

485 

1030 

210 

725 

*  First  Crack  **  Ultimate 
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TABLE  B-56 


PRKSTHKSSING  5  T7:  EL  _S1J<  A  jJL__  jfM  ICji  O  UtC.HK  r,  I1  HR  INCH),  B  KA  M  C 1 1  -  5 


Load 

Stage 

Strain  Cange  location 

4 

b 

c 

d 

e 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

10 

2 

-  5 

-  5 

-10 

10 

10 

3 

-  5 

-  5 

-10 

20 

5 

A 

-10 

-10 

-15 

25 

-  5 

5 

-10 

-10 

-20 

30 

0 

6 

-15 

-15 

-20 

35 

0 

7 

-25 

-15 

1 

N> 

o 

35 

-10 

8 

-30 

-20 

-25 

40 

-10 

9 

-50 

-20 

-25 

45 

-10 

10 

-65 

-25 

-30 

50 

O 

fM 

1 

11 

-95 

-40 

-30 

55 

-20 

12* 

-135 

-65 

-35 

60 

-25 

13 

-500 

-655 

-215 

75 

-30 

14 

-520 

-730 

-315 

90 

-35 

15 

-475 

-860 

-480 

130 

-30 

16 

-390 

-875 

-590 

210 

-20 

17 

-335 

-550 

-540 

310 

-55 

18 

-190 

-540 

-540 

345 

-80 

19 

-75 

-400 

-510 

375 

-60 

20** 

- 

- 

- 

■  - 

TABLE  B-57 


STIRRCP  STRAINS  (HICRO  INCHES  PER  INCH),  BEAM  CH-S 


Load 

Stage 

Strain  Gauge  Location 

1-T 

1-S 

1-3 

1-N 

2-T 

2-S 

2-B 

2-N 

3-T 

3-S 

3-3 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

0 

s 

5 

0 

5 

0 

0 

0 

5 

10 

0 

5 

3 

0 

5 

5 

-  5 

5 

5 

0 

0 

10 

10 

-  5 

0 

4 

0 

10 

5 

-  5 

5 

10 

0 

0 

10 

15 

-10 

0 

5 

0 

15 

10 

-  5 

5 

10 

0 

0 

10 

20 

-10 

0 

6 

0 

20 

10 

-  5 

5 

10 

0 

0 

15 

20 

-10 

0 

7 

0 

35 

10 

0 

10 

15 

'  0 

0 

20 

20 

-10 

0 

8 

0 

45 

10 

0 

10 

20 

0 

0 

20 

25 

-10 

0 

9 

5 

70 

10 

0 

10 

25 

0 

0 

25 

30 

-15 

5 

10 

10 

90 

10 

0 

10 

30 

0 

5 

25 

35 

-15 

5 

11 

10 

120 

10 

5 

10 

35 

0 

5 

30 

40 

-15 

5 

12* 

40 

135 

10 

10 

10 

60 

-  5 

10 

30 

50 

-20 

5 

13 

535 

175 

5 

-10 

35 

190 

-10 

195 

50 

85 

o 

1 

10 

14 

625 

190 

5 

-15 

40 

220 

-15 

205 

50 

90 

-25 

15 

15 

720 

230 

10 

-15 

45 

295 

-20 

210 

60 

100 

-30 

35 

16 

820 

465 

35 

-  5 

60 

380 

-15 

240 

65 

125 

-35 

45 

17 

890 

650 

750 

65 

375 

735 

55 

275 

105 

125 

-40 

60 

18 

1030 

1020 

1040 

510 

840 

940 

480 

385 

120 

125 

-50 

60 

19 

13S0 

1360 

1310 

730 

1405 

1330 

1115 

555 

195 

465 

-50 

75 

20*  » 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

*  First  Crack  **  Ultlnata 
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TAIll.r  IS -VI 


M/simv/.vr.  sm:i.  swains  Imkj ki  i».w:  n.K~j;iot>J_i:nxj:ii-6 


toad 

Staga 

Strain 

Lora  t  Ion 

4 

b 

c 

a 

9 

0 

0 

0 

0 

0 

0 

1 

-  s 

-  5 

0 

0 

20 

2 

-  J 

-  5 

0 

-  J 

20 

J 

-  s 

-.5 

0 

-  5 

-30 

4 

-  5 

-10 

0 

-10 

-  5 

i 

0 

-10 

0 

-15 

0 

6 

0 

-15 

-  5 

-15 

0 

7 

0 

-20 

-  5 

-15 

10 

a 

s 

-25 

-  J 

-20 

15 

i 

10 

-40 

-10 

-20 

15 

10» 

10 

-80 

-30 

-25 

20 

n 

10 

-105 

-40 

-30 

20 

12 

s 

-125 

-50 

-30 

20 

1) 

-  s 

-160 

-80 

-40 

25 

14 

-10 

-135 

-105 

-45 

30 

IS 

-65 

-245 

-145 

-60 

45 

16 

-165 

-355 

-275 

-105 

125 

17 

-135 

-370 

-420 

-250 

175 

18 

-130 

-350 

-450 

-275 

210 

19 

-120 

-335 

-450 

-295 

215 

20 

1920 

-420 

-450 

-280 

225 

21 

1920 

-440 

-430 

-255 

250 

22** 

1920 

-435 

-415 

-250 

250 

23 

1950 

-70 

-425 

-370 

95 

*  First  Crack  **  Ulitcate 


TABLE  8-59 


STIRRUP  S TWIN'S  pnCRO  INCHES  PER  INCH).  BEAM  CH-6 


Load 

Stage 

Strain 

Gauge  Locatioa 

1-T 

1-S 

1-B 

l-N 

2-T 

2-S 

2-3 

2-N 

3-T 

3-S 

3-8 

3-N 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 

0 

s 

-  5 

0 

0 

0 

0 

0 

10 

0 

0 

0 

5 

5 

10 

0 

0 

5 

0 

0 

0 

10 

5 

0 

5 

6 

15 

10 

-  5 

5 

5. 

5 

0 

0 

10 

5 

0 

5 

7 

35 

15 

-  5 

5 

10 

5 

0 

5 

15 

S 

0 

5 

8 

50 

15 

-  5 

5 

25 

S 

0 

s 

15 

5 

0 

5 

9 

70 

15 

-  5 

5 

35 

5 

0 

10 

20 

10 

0 

10 

10* 

90 

20 

-10 

5 

60 

0 

0 

10 

20 

10 

0 

10 

11 

90 

20 

-10 

5 

70 

0 

0 

10 

20 

10 

-  5 

5 

12 

95 

30 

-10 

5 

85 

5 

0 

10 

25 

is 

0 

10 

13 

105 

40 

-10 

5 

no 

S 

-  5 

10 

30 

20 

-  5 

10 

14 

120 

50 

-10 

20 

140 

10 

-  5 

10 

40 

30 

-  5 

10 

15 

ISO 

80 

-10 

40 

230 

10 

0 

15 

65 

40 

-  5 

10 

16 

315 

115 

-15 

no 

370 

5 

-  5 

15 

105 

80 

-  5 

10 

17 

4  30 

120 

-20 

170 

595 

5 

-  5 

15 

195 

70 

-20 

115 

18 

865 

190 

-25 

220 

650 

-10 

-15 

170 

240 

60 

-20 

165 

19 

980 

515 

-20 

235 

1705 

-30 

-10 

770 

295 

60 

0 

240 

20 

1090 

720 

30 

270 

1370 

-40 

-10 

390 

340 

60 

20 

280 

21 

1210 

910 

135 

450 

1580 

-35 

10 

550 

400 

75 

215 

325 

22** 

1370 

1065 

A 10 

700 

1995 

5 

650 

870 

460 

85 

390 

385 

23 

1440 

1740 

910 

970 

* 

940 

1370 

1)75 

550 

140 

790 

620 

*  First  Crack  **  Ultlnv.ls 
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APPENDIX  C 

PHOTOGRAPHS  OF  TESTED  BEAMS 


Photographs  of  the  tested  beams  are  presented  in  Figures 
C-l  through  C-31  of  this  appendix.  Each  figure  is  composed  of  four 
views  representing  the  south,  north,  top  and  bottom  face  of  a  beam. 
Continuity  of  cracks  on  three  sides  can  be  observed;  it  was  not  pos¬ 
sible  to  match  them  since  photographs  of  the  different  sides  were 
taken  at  variable  distances  and  angles. 

In  addition  to  crack  patterns,  the  following  details  are 
also  marked:  projection  of  longitudinal  and  transverse  steel  on  all 
four  faces,  location  and  designation  of  strain  gauges,  and  projection 
of  an  opening  in  a  hollow  beam.  This  appendix,  together  with  the 
preceding  two,  gives  a  complete  picture  of  experimental  data  required 
for  the  study  of  beam  behavior  under  combined  loading  throughout  the 


entire  loading  history. 
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FIG.  C-l  CRACK  PATTERN  AT  FAILURE,  BEAM  BS-1 


FIG.  C-2  CRACK  PATTERN  AT  FAILURE,  BEAM  BS-1S 
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FIG.  C-3 


CRACK  PATTERN  AT  FAILURE, 


BEAM 


BS-2 


FIG 


C-4  CRACK  PATTERN  AT  FAILURE,  BEAM  BS-2S 
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FIG.  C-5  CRACK  PATTERN  AT  FAILURE,  BEAM  BS-3 


FIG.  C-6  CRACK  PATTERN  AT  FAILURE,  BEAM  BS-4 
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FIG.  C-7 


CRACK  PATTERN  AT  FAILURE, 


BEAM 


BS-5 


FIG.  C-8  CRACK  PATTERN  AT  FAILURE,  BEAM  BS-6 
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FIG.  C-9  CRACK  PATTERN  AT  FAILURE,  BEAM 


BH-1 


FIG.  C- 10  CRACK  PATTERN  AT  FAILURE,  BEAM  BH-2 
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FIG.  C-ll 


CRACK  PATTERN  AT  FAILURE,  BEAM 


BH-3 


FIG.  C- 12  CRACK  PATTERN  AT  FAILURE,  BEAM  BH-4 
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FIG.  C- 13  CRACK  PATTERN  AT  FAILURE,  BEAM  BK-5 


FIG.  C- 14  CRACK  PATTERN  AT  FAILURE,  BEAM  BH-6 
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FIG.  C-15  CRACK  PATTERN  AT  FAILURE,  BEAM  BlS-2b 


FIG.  C- 16  CRACK  PATTERN  AT  FAILURE,  BEAM  BlS-4a 
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FIG.  C-17 


CRACK  PATTERN  AT  FAILURE, 


BEAM 


BlS-4b 


FIG.  C- 18  CRACK  PATTERN  AT  FAILURE,  BEAM  BlS-6a 


230 


FIG.  C- 19  CRACK  PATTERN  AT  FAILURE,  BEAM  BlS-6b 
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FIG.  C-21  CRACK  PATTERN  AT  FAILURE,  BEAM  CS-2 


FIG.  C-22  CRACK  PATTERN  AT  FAILURE,  BEAM  CS-3 
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FIG.  C-23  CRACK  PATTERN  AT  FAILURE,  BEAM  CS-4 


FIG.  C- 24  CRACK  PATTERN  AT  FAILURE,  BEAM  CS-5 
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FIG.  C - 2 5  CRACK  PATTERN  AT  FAILURE,  BEAM  CS-6 


FIG.  C- 26  CRACK  PATTERN  AT  FAILURE,  BEAM  CH-1 
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FIG.  C- 28  CRACK  PATTERN  AT  FAILURE,  BEAM  CH-3 
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FIG.  C- 29  CRACK  PATTERN  AT  FAILURE,  BEAM  CH-4 


FIG.  C-30  CRACK  PATTERN  AT  FAILURE,  BEAM  CH-5 
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FIG.  C-31  CRACK  PATTERN  AT  FAILURE,  BEAM  CH-6 
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APPENDIX  D 
COMPUTER  PROGRAM 


In  this  appendix  a  complete  listing  of  the  computer  program 
with  examples  of  output  for  each  mode  is  presented.  Nomenclature 
used  in  the  program  is  given  in  Section  D.l.  Figure  D.l  presents  a 
general  flow  chart  and  identifies  subroutines.  Within  the  program 
numerous  comment  cards  are  included  to  describe  subroutines  and  major 
statements;  therefore  no  detailed  flow  chart  is  presented. 

****** 

The  author  and  the  University  of  Alberta  disclaim  responsi¬ 
bility  for  missuse  of  the  following  program,  nor  will  they  be  respon¬ 
sible  for  errors  in  the  listing. 


D.l  NOMENCLATURE  FOR  COMPUTER  PROGRAM 


A 

DEPTH  OF  NEUTRAL  AXIS 

A1 ,A2 ,A3 ,A4 

CONCRETE  COVER  ON  EACH  OF  FOUR  STIRRUP  LEGS 

ALFAE1 

TORSION  FACTOR  IN  ST.  VENANT  THEORY 

ALFAE2 

TORSION  FACTOR  IN  ST.  VENANT  THEORY 

AP 

AREA  OF  A  PRESTRESSING  STRAND 

ARC COM 

AREA  OF  AN  ELEMENT  IN  COMPRESSION  ZONE 

AST 

AREA  OF  A  STIRRUP  LEG 

B 

WIDTH  OF  A  BEAM  CROSS-SECTION 

BETA 

INCLINATION  OF  COMPRESSION  ZONE  W.R.T. 
LONGITUDINAL  BEAM  AXIS 

BH 

WIDTH  OF  AN  OPENING  IN  A  HOLLOW  BEAM 

BM 

BENDING  MOMENT 

C 

TOTAL  COMPRESSIVE  FORCE 

D 

DISTANCES  FROM  THE  BOTTOM  FACE  OF  A  BEAM  TO 
PRESTRESSING  STRAND 

DELTA 

LOADING  RATIO 

DFMODl 

DISTANCE  FROM  EAST  SUPPORT  TO  THE  FAILURE 
CROSS-SECTION  FOR  MODE  1 

DFMOD2 

DISTANCE  FROM  EAST  SUPPORT  TO  THE  FAILURE 
CROSS-SECTION  FOR  MODE  2 

DFMOD3 

DISTANCE  FROM  EAST  SUPPORT  TO  THE  FAILURE 
CROSS-SECTION  FOR  MODE  3 

DS 

LOCATION  OF  PRESTRESSING  STRANDS  W.R.T.  SIDE 
FACE  OF  A  BEAM 

DST1 

DISTANCE  FROM  TOP  FACE  OF  A  BEAM  TO  THE  UPPER 
STIRRUP  LEG 

DST2 

DISTANCE  FROM  THE  TOP  FACE  OF  A  BEAM  TO  THE 
LOWER  STIRRUP  LEG 

' 
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DST3 

DISTANCE  FROM  THE  SIDE  FACE  OF  A  BEAM  TO  STIRRUP 
LEG  LOCATED  ADJACENT  TO  THAT  FACE 

DST4 

DISTANCE  FROM  THE  SIDE  FACE  OF  A  BEAM  TO  THE 
STIRRUP  LEG  LOCATED  FURTHEST  FROM  THAT  FACE 

ECCN 

ECCENTRICITY  OF  PRESTRESSING  FORCE 

ECON 

MODULUS  OF  ELASTICITY  OF  CONCRETE 

EPSCOM 

COMPRESSIVE  STRAIN  IN  STIRRUPS 

EPSCE 

STRAIN  AT  THE  LEVEL  OF  THE  REINFORCEMENT  DUE  TO 
EFFECTIVE  PRESTRESS 

EPSCU 

CONCRETE  STRAIN  AT  FAILURE 

EPSSA 

INCREASE  IN  STRAIN  IN  THE  PRESTRESSING  REIN¬ 
FORCEMENT  BETWEEN  PRESTRESS  AND  FAILURE 

EPSSE 

EFFECTIVE  PRESTRAIN  CORRESPONDING  TO 

EFFECTIVE  PRESTRESS 

EPSSU- 

STRAIN  IN  THE  PRESTRESSING  REINFORCEMENT  AT 
FAILURE 

EPSTEN 

TENSILE  STRAIN  IN  STIRRUPS 

ER 

ERROR  IN  SUM  OF  FORCES  PERPENDICULAR  TO  A  CROSS- 

SECTION 

ES 

MODULUS  OF  ELASTICITY  OF  PRESTRESSING  STEEL 

ESTIR 

MODULUS  OF  ELASTICITY  OF  TRANSVERSE  REINFORCEMENT 

FC 

CYLINDER  STRENGTH  OF  CONCRETE 

FCELEM 

ELEMENT  STRESS  IN  COMPRESSION  ZONE 

FCOM 

COMPRESSIVE  STRESS  IN  STIRRUPS 

FPULT 

ULTIMATE  STRENGTH  OF  PRESTRESSING  STEEL 

FSU 

STRESS  IN  PRESTRESSING  STEEL  AT  ULTIMATE 

FTEN 

TENSILE  STRESS  IN  STIRRUPS 

FYSTIR 

ULTIMATE  STRENGTH  OF  STIRRUPS 

240. 


H 

HEIGHT  OF  A  BEAM  CROSS-SECTION 

HH 

HEIGHT  OF  AN  OPENING  IN  A  HOLLOW  BEAM 

PHI 

CURVATURE 

S 

STIRRUP  SPACING 

SIGMA 

PRESTRESSING  FORCE  PER  UNIT  AREA 

SMAXB 

CONCRETE  MAXIMUM  PRINCIPAL  STRESS 
(CRACK  LOCATED  ON  BOTTOM  FACE) 

SMINB 

CONCRETE  MINIMUM  PRINCIPAL  STRESS 
(CRACK  LOCATED  ON  BOTTOM  FACE) 

SMAXS 

CONCRETE  MAXIMUM  PRINCIPAL  STRESS 
(CRACK  LOCATED  ON  SIDE  FACE) 

SMINS 

CONCRETE  MINIMUM  PRINCIPAL  STRESS 
(CRACK  LOCATED  ON  SIDE  FACE) 

SMAXT 

CONCRETE  MAXIMUM  PRINCIPAL  STRESS 
(CRACK  LOCATED  ON  TOP  FACE) 

SMINT 

CONCRETE  MINIMUM  PRINCIPAL  STRESS 
(CRACK  LOCATED  ON  TOP  FACE) 

T 

TOTAL  TENSILE  FORCE 

TC 

TENSILE  FORCE  DUE  TO  CONCRETE  UNCRACKED  ZONE 

TCOM 

TOTAL  COMPRESSIVE  FORCE  DUE  TO  STIRRUPS 

TCR 

CRACKING  TORQUE 

TF 

FLANGE  THICKNESS  IN  A  HOLLOW  BEAM 

THETA 

ANGLE  OF  INITIAL  CRACK 

TTEN 

TOTAL  TENSILE  FORCE  DUE  TO  STIRRUPS 

TW 

DOUBLE  WALL  THICKNESS  IN  A  HOLLOW  BEAM 

V 

SHEAR  FORCE 

XCR 

DEPTH  OF  THE  TENSILE  UNCRACKED  ZONE 

XINC 

INCREMENT  OF  DEPTH  OF  NEUTRAL  AXIS 

' 
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XIX 

MOMENT  OF  INERTIA  ABOUT  X-AXIS 

XIY 

MOMENT  OF  INERTIA  ABOUT  Y-AXIS 

XKSI 

LOADING  RATIO 

XKSIBT 

TORSION  TO  BENDING  RATIO  ON  BETA  PLANE 

XL 

TOTAL  LENGTH  OF  A  BEAM 

XMODR 

MODULUS  OF  RUPTURE  OF  CONCRETE 

XNCOM 

NUMBER  OF  STIRRUPS  INTERSECTED  IN  COMPRESSION 
ZONE 

XNTEN 

NUMBER  OF  STIRRUPS  INTERSECTED  IN  TENSION  ZONE 

YC 

DISTANCES  FROM  NEUTRAL  AXIS  TO  CENTROIDS  OF 
ELEMENTS  IN  COMPRESSION  ZONE 

MAIN 
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FIG.  D-1  GENERAL  FLOW  DIAGRAM  AND  SUBROUTINE  IDENTIFICATION 
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C  am  live 

c 

ihplicit  ar.»L»>)(»-H.o-i) 

c 

cc-son  AP,AST,D,rE,rsti.Tr.i;,ES.Esrip,tp::c:,EPSSE,EP.ssA,irssu,B,ii, 
r<: ,  xrcdp. lp  .01,  »o.».  fccn.a. iiNC,T,c.r.ii,xRs:,  delta. 

3o:jTi.  d.tv,  1. ;; 3. d  .t**.  -.,:.;o.-.A.TANa, ffci.t, rxsvi. 
n,  orr.oLi  ,dfrod2,  litcd  i, d:;,  xr  1  ,t».,  xch,  M:TA,Ti:r ."a.th.tp, 
52P3CCR.ir:.TS!!.rc'pr,rTS.i,XNeuR,XNTrN,TenH,TTEN,Ai,A2,A),Ai 
*.TC?,RR,V,->SAIS,s8I«3,SHAIT,SRINT,.SHAXi),S.8rK3.XH,ni,SX,ST,OX.Ot 

7,  ALF  AE1 ,  ALPAE2,  TPPI<  J,  Til  PR  3,  '.'I!  PUT 

8.  as.  vs,  an  la  ,yc,  x,  r.DHPru,  ax:  all,  rr.iwc,  inaik  a,  thou.etield.esh, 

9EUL7,  FI  FLO,  PULI, X Sll,  Pli I,  AC ,  E ELL 8 , TUT  ALP, TOT  ALP, 

1  IOTA  IK,  F.A-5.PS,  Slip  r.SUSFP.SUBP  8,  COUNT,  HI  I,  DEP, A2CCOH, FCELEI 

2,  KCGB,  LCOF.P,  PCOF. P,  ACOHF,  ELPOPC,  PCCC  ,  I  RSI  UT,  PCEL 

3, T8II»P,7HITia.T8r;H 

e 

C0.180N  ».  P.,  FOIE,  NELIr.S,  IISTEEL.  KAOEEP,  NCC0.1P 

c 

dihension  ap  (10)  ,3(i0) ,  re  (10)  ,»iu  (10)  ,tsu  (icj  ,»s  (ici , 

1  EPSCS(IC)  ,EPSSE(10)  .FPSSA(IO)  .EPSSU (1C)  ,00(10)  ,F?ULT(10) 

2,  AS  (20)  ,IS(20)  ,  AREA  (SCO)  ,IC(S0G)  ,  I  (SCO)  ,1  (500)  .ECLEB  ($00)  ,  EA5(20)  . 

2  re  it  (SCO) ,  pj  (20)  .rczu.i  <$oo>  .aoccob  isooj  ,elfo2ci$oo> 

e 

10  CALL  INPUT 

e 

IKBH.LT. I.CCjCAll  TCISOL 
IP ( AH .  C  E. 1.00) CALL  TCSaOL 

c 

C  CHAS.SE  FOLIO A IXC  CA2D  rCS  EODE  2  (CALL  H02UL?)  ANO  702  8001  3  (CAL 
C  L  P.03ULT) 

CALL  B01ULT 
CO  70  10 

ID 


soDhoonar  input 

e 

IMPLICIT  NEAL»B(A-K.O-E) 

c 

CO*l  NON  AP, AST.D, P E, PSB.TSU, ES, ESTI P , EP3CF , EPS SB, EPOS A, EPSSU , 0, H, 
2bH,  HH.IL.  FC,  X  POO  8,  tl'OCU  ,  ECOH,  ECCN,  A,  X I  NC,T,  C,  F.H,  XXSt  ,  DELTA, 
3D5T1,Ur.T2,0:;T3,Or.TU,S,s:OKA.TANU,KPIILT,rl:iTI8 
•  ,0P8O(ll,l)»mi02,0PP<U3,0S,IS1,TCiXCii,BETA,Ti;iTA,T8,TP, 

$  EPS  Cu.1,  rPSTEN , FCOH , FTEN , X  NCOH , XNTFN , TCGN ,T7SN , A  1 ,  A2,  A3,  A» 

4.TCP,  up.*,  Oha  xn,  08 1 80,:; ».  A  xv,  sn  I  !iT,:;n  A  ill,  r.rt  i  i:u,  xix,  x;  I,  Si,  SI.OE.QT 

7, ALFAFl,ALFAF2,TI!P2n,1llPUS,T!IPBT 

8,  AS,  IS,  APIA,  re,  X.  I,  DEPTH,  AX  I  A  LL  ,  FSUDC,  X  U  AH  EA,  XP.OO,  Et  IELD,  ISH, 
8EULT.  FI  HP,  FULT.rSll.PHIFAC,  F.ELES,  TOTA  LP  .TOTALP. 

1  TO  TAL8.EAS, PS, 0U8F, SU8FP.SU  8  FS, COUNT,  P II I ,  DE? ,  A  2CC0B ,  rC  LIES 

2,  IIC08  ,  ECC8P,  FCUSP,  ACOBP.ELFOBC.  FCCC ,  I KSI  UT,  PC  EL 

3, Tl(ZTB3,TIIF7S2,TIIE7?R 

c 

CO-.SC t  N. H, RODE. N EL  LBS, NSTEEL, NADEEP, RECOUP 

c 

DIB  EN  S  TON  AP(10)  ,11(10)  ,PP  (10)  .  PSII  (10)  ,TSU  (10)  ,*S  (10)  , 

1  EPSCE(IC)  ,  El'SSE  (1C)  ,  EPSSA  ( 10)  ,  EPSSU  (10)  ,'JS  ( 10)  ,rPULT(10) 

2.  AS  (20)  .IS  (20)  ,  Al'EA  (500)  ,  TC  (500)  ,X  (ICC )  ,1  (ECO)  ,  EELEO  (S00)  ,  EAS  (20)  , 
3  rCEL<iCC),rS(20)  .FCfLE.-.  (SCO)  .AaCCOR(SOO)  .ELrOSC(SOO) 

OI.BEASION  TITLE  ($)  ,STA2  (6) 

c 

DATA  STAP/A*******/ 

C  TITLE  (bEA8  SC80EJ  ,ETC.) 

6E.XS($.1C,EH1«10C0)  TITLE 
C  9  EA  8  3IV.S-.I0IIS  (I.VS) 

2EAC(S,3C)fi,H,ilH,IIH,XL 

C  *  :  AO.  OF  PNESTPESSICG  STRANDS  ANO  XOOE  :  STRESS-STRAIN  CHARACTER 

C  ISTICS  FOLt-l  CONPLSPONL5  TO  1/2  INCH  STRAND  ANO  KODE.2  TO  3/8  IRC 

C  H  STRAND,  RODEO  CROUPS  AA-AD,  KOOE«4  CROUPS  AE-AH 

READ  ( $, NO )  R.F.CD2 

c  pristpessin;  steel  areas  (sq.irs) 

READ  (0,  3LJ  (AP  (T)  ,1*1,8) 

C  TPIASVU-Sr  STEEL  (ORE  LEC)  AREA 

P F A  L  ( c, ,  AC  3  AST 

C  STEEL  LOCAIIONS  (DISTANCES  PHO.l  THE  80TT08  IR  INCHES) 

P  FA  D  (  S,  iC  )  (»(I)  ,1*1,8) 

C  STEF. L  LOCATIONS  (DISTANCES  PRCN  THE  SIDE  IR  INCHES) 

P  EA  D ($ ,  IC)  (DS  (I)  ,  1-  1,8) 

C  .  TRANSVERSE  STEEL  LOCATIONS  (DISTANCES  F20H  THE  TOP  AND  SIOES) 

REAS (S.3C)6ST1,DST2.DST3,DST» 

C  STIPPUP  SPACING  (18.) 

PEAL (S, 30 ) S 

C  ULTI8ATE  STRESS  IN  PPESTPESSIRO  STEEL  -  RSI 

C  TISli  S7FE5S  CF  8ILD  STEEL  -  RSI 
R  EA  D  (S, iC)  (FPULT(I)  ,I»1,H) 

PEAO (5, 30) FTSTIB 

C  HOCULI  OF  ELASTICITI  OP  PREST2ESSINC  STEEL  -  RSI 

READ  ($,  3C)  (ES  (I)  ,1-1. H) 

C  80SUL I  OF  ELASTICITI  OP  HILO  STEEL  -  RSI 

RE10<5,3C)ESTIR 

C  EFFECTIVE  PREST2ESSIKC  FORCES  (RIPS) 


. 

■ 


. 


*J  u  u  o  oo  u  u 


P'I3  10)  (p*  (I)  .j.i.ii) 

n,"|,|'r:-:::,c  RTRehcth  (rsi)  .hodulws  or  huptup*  i>i 
u  l  1 1 bate  < obepe.v; i v t.  stiiaew 
bead (5,  iC|  fc,  ibiidr,  epscu 
loading  ht:cs  i  as  i  mo  delta 
P  FA  R  (  5,  10)  XN5T.0FL7A 

LOCATION  «r  FAILURE  SIlIiPACi!  BEASUBED  TBOS  EAST  SUPPORT  ir».l 
BEA 0 (5, 3„) 0FBOD1, DPbOD2,DFbODJ  *  * 

1C  fob  bat  (Mb) 

20  roR-» r (4i ,<;»«,/  5i.**  •.  Iaw,*  •  •/  n ,6a*////) 

JO  P'i;'baT(.if10.*)  ' 

»0  FDfF AT (0! 10) 

HODIILIIS  Cr  ELASTICITt  OP  CONCRETE  (PCI  POfiBULA)  -  PSI 

EC'lil-  570C  0.00  *DS0RT  (PC)  ' 

COEFFICIENT  CP  THE  DEPTH  OP  I. A. 

If  (PC. LT. NO 00. CD)  HI. 0.85 

IP(PC.CT.«:CC.CC)XX1«C.  85-0.05*  (P  C-«G00.00> /1 000. 00 
EFFECTIVE  PRESTHAIN  CO El R ES PO W DI N C  TO  EFFECTIVE  PBCSTPESS 
FLAHr.E  AND  BED  THICKNESSES  OP  THE  HOLLOW  I-SECTIOP 
TB.b-tH 


TP"  (K-HII)  /2 .0  0 
10  50  1*1, s 

SC  EPSSt  (I)  *  (PE  (I)/A?(I)  )/ES  (I) 

C  INITIAL  ECCEETalCTTJ  (ECCP1 

suRp.o.io 
DO  60  1*1, B 
60  EDRP'SIPRr.PEd) 

S  IG-A*5UB  F» 1000.00/(8*8-88*88) 

SHOE .0.00 
DO  70  1*1, 8 

70  srDP  =  S*DE.PE(I)*0(I) 

TCEP" SBLf/SUBP 
ECCR.H/2.C0-ICEP 

C  INITIAL  ST.NAIRS  AT  THE  TOP.BOTTOa  AND  STEEL  LEVELS 

A  I*  (!>*ll*«3-fcii*llll**))/12.00 

XJ*x:/(H/2.  )) 

ST5  ZST.-SUR?/  (n*ll-EU*HII)  «SUSF*ECCN/IW 
STRESS. -SUBP/ (B*H-0K*HN)  -SUsr*ECCP/X» 

EPSCET=jTFEST/(ECOH/1COO.O) 

EPSCED.STB  ESE/ (ECO 5/ 1000.0) 

T  A H  D c  (tPSCEU-  EPICETl/U 
DO  80  1*1, B 

8C  EPSCE  (I)  .  fPSC£S-TA«»»0(I) 

WRITE  (6 ,360) 

C  WRITE  I  IS  PUT  DATA 

WRITE (5. 20)  STA8.IITLE.STA8 
WRITE  (6.50) 

WPITE (6, ICO) 

WRITE  (6.1 10) 

WRITE (6, 1 20)  B.AODE 
WRITE  (6,1  30)  (A?  (2), 1*1, 8) 

WRITE  (6,350) 

WRITE  (6,160) AST 
WRITE(6,1SC)  (D  (I)  .1-1,8) 

WRITE  (6,350) 

WRITS  (6,160)  (DS (I) ,1*1,8) 

'writs  (6,350) 

WRITS (6,170) DST1,DST2,DST3,bST» 

WRITE  (6,160)5 

WPITE (6,150)  (Ft  IX) .1*1,8) 

WRITS  (6,3  50) 

WRITS  (6,200)  (ES(I).I»1,B) 

WRITS (6,360) 

WRITE (6, 210) PSTIP 
WRITS  (6.350) 

WRITE  (6. 2  00)  (rrOLT(I)  .  1*1.8) 

WRITS  (6, 150) 

WRITE  (6 , 2  JO) PTSTZt 
WRITE  (6 , J50 ) 

write  (6,o»0) rc 

WRITE  (6,0r-0)  IPOD* 

WRITE (6.062) EPSCO 

WRITE  (6,270)  X  K 1 

WRITE (6,260) X  A  S  T 

WRITE  (6,250) DELTA 

WRITS  (6.300)  rf-CD1,DEB0D2,DPT100J 

WRITS  (6, Jlj) ECCW 

WRITE  (6,  J  11)  SIORA 

WRI  IE  (6,j;0)  (SPSSE(I)  ,I*T,H) 

WRtrr(6,360) 

WRITE  (6,’  <0)  EPSCET.  (EPSCE  (I)  .1-7,8) 

WRITE  (6,150)  ETSCEB 
WRITS  (6,360) 

50  EORRAT (61 , • IRTU:  VARIABLES*) 

IOC  FOR  P. AT  (51  ■  . •*•••••*,///) 

110  POP- AT (5X,*  BEAR  EIOSKSIOHS' ,/5X, 'OUTSIDE: ', 25X • HOLLOW: • ,/5r. 

I*  WIDTH  (IS.)  *',E7.2,12X,E7.2  ,/5Z,  '  HSICHT  (I».)  *•  ,  r7.  2,  10  I,  F7.  2, 

3/SX,* LENGTH  (Ik.)  *  '  ,  F7 . 2//) 

120  POfHAT(SX,*KO.  OE  rRrSTRESSISC  STRARDS  PROVIDED  (B)  ,  AID  THEI&  SI 

2EE  (SCIIE)  :  •  ,/SX,  "B  110, /5X, 'FOOD  *•,110//’) 

13C  FOR- AT (5X, • AS  FAS  CE  ERESTRESSIKC  STRARDS  (SO. I » . )  : * ,/SX . 8F5 .»,//) 
1»C  POS"AT('I,' AREA  OF  TRANSVERSE  STEEL  -  ORE  LEO  (SO. I »•):*. PI 0. », 

2  //) 

150  FOR  RAT (5X, TrESTPESSIRG  STSFL  LOCATIORS  (DISTASCES  PPOB  THE  DOTT08 
2  IS  INCHES)  : */,SX, 8F10. 2,//) 

160  roR.-AT  (SX,  •  rBESTPESSIkO  SfSEL  LOCATIOkS  (DISTAWCES  PPOB  THE  SIDE  I 
2H  INCHES)  :  ■/5I.8F1C.2,//) 

17C  PORHAT (5X. 'STIRRUP  LOCAIIOW  Ik  CROSS'S  ECT IO I ; * , /5X  * VEPT.*,1 X,2P 10. 

2W./SX,  ■  lie  SIX.  * ,  2F10.4,//) 

IRC  FORB AT (SA . • STIEPUP  SrACIKO  (I*.),  S" • , PI  0. 2,//) 

19C  FOR FAT ( 6  X , • EFFECT  IV  E  PR  ESTR  E5SINC  FORCES  (RIPS)  : • ,/5X . 8P10. 2,//) 
200  EOR.-AT  (5X ,  •  F.OPULI  OF  ELASTICITT  OP  PBESTRESSI RC  STEEL  (<3I):*/ 

251, ?F 10. 2 ,//) 

210  POP.RAT  (51  .  •  r.ODJIll  or  ElASTICITE  OP  rILD  STEEL  :  •  /5I.  8r  1 0. 2,//) 

220  roRBAT (51. • ULTIBATE  STRESSES  OP  PRESTRES5IRC  STEEL  : */5X. 8r 1 0. J,// 
2) 

230  PORHAT(5l,'ULTIBXTE  STRESS  OP  BILD  STEEL  :  •  ,/51 . 8  FI  0.  J  . //) 

240  EORBATfSX, 'CONCRETE  COBPPESSIVE  STRENGTH  (TS  I)  :  */SI' PC- •  ,  PI  0.2.//) 
250  PORE  AT (5X,' BODULUS  OP  RUPTURE  (PS  I)  : */5 X , • IBO0 B* * . PI  0. 2 ,//) 

260  PORBAT (51 , 'CONCRETE  ULTIRAIE  COnPRESSlVO  STPAIW  S • ,/SI, • IPSCB 


2P10.5,//) 

J7C  ron-AT r.i .* C‘jf» ricum  or  depth  or  niutmal  axis  /  i  t  i  ronmiiA) 

J  n  j#//j 

2f0  roaniT  (si . "torsion  to  d  en  di no  utio  ,  T/n  **,810.3,//) 

2sc  roarAT  (5x "torsion  to  siieah  ratio  (i*T/|b»i)) 

300  pop  n  at  (Si,* location  or  pailuhe  surface  (IN.)  non  LEri  SUPPORT  I* 
i  ,/M .  •  orrr.1,1  •  • ,  ri.  i./u,  •  omod2  *  • ,  rs.  i  ,/5i,  •  DFr.os)  «*,r«.  1//) 

310  r  OM  AT  (Si  ,  '  I  KIT!  AL  ECCEN X  A IC XTI  (IN.),  ECCN  *",rl0.4,/) 

311  nmn«T(M.>  A»M.Ar.t  pwr.-iTRess  (pm )  p/a  *",ric.4,//) 

3?o  ro;  «  at  ('.i  • ;  n: i :  al  strain  in  pnestiiegsihs  steel  :*,/5i,ari).-4,//) 
330  EOT  EAT (SI,' INITIAL  STFAINS  IN  CONCRETE  (TOP,  STEEL  LEVELS  ANO  BOTt 
2o*)  /SI, DO. 6/51, trio. 4) 

340  rOPPAT  (SX.HPIO.A,//) 

350  roirxTI  //) 

340  PONBAT(  1  HI ) 

C  CHANGE  FOLLOW  INC  CAPD  TO  SELECT  DESIRED  OCURACT 

C  (  'STEP*  DENOTES  THICFNESS  Or  THE  ELEBERT  II  IICICS) 

STPP*Q.C25 

C  CHlI.OE  FOLLOW  I  NO  CASES  TO*  BODES  2  4) 

NELMS*  1.  00  01*  11/STE? 

I F ( HH.CT.0. 5) 00  TO  410 
EO  4  3  0  1*1,1 ELEBS 
00  AREA (I) *P*STEP 
CO  TO  450 

410  N  30 T *  (H-hll)  *1 . 0C0 1/2.00/STIP 
DO  420  1*1, MOT 
420  AREA  (I)  -R*STFP 

N WEB* HH*1.00C 1/STEP 
fl  N  N  *  N  DOT* 1 
kNNN«N'DG?*KWES 
DO  430  I*Sr.N,NNNI 
430  AREA (I) * (3-6H) »STEP 

NTCP*  (H-HII)  *1.0001/2.00 
nnn*HHOT*  NJEb*1 
do  aso  l*r*.n.  nelebS 
440  AREA (I) *D  *5TEP 
45C  CONTI NUE 

C  CALCULATE  DISTANCES  TO  THE  CEN7SOXDS  OP  THE  ELEBEIT 
rc  (1) *STEP/2.00 
DO  460  1*1, NELEBS 
J*I-1 

440  IC(I)*IC<J)*STEP 
BET Oil 
1000  STOP 

tia 


■SUBROUTINE  STS  102 

C  THIS  SUBROUTINE  SOLVES  rOB  STRESSES  AND  FOBCES  IN  PBESTBESSIIO 
C  STRANDS  COHSIDERING  ALSO  NONLISCA8  POBTIOI  OF  STRESS-STRAIN  COiVI 
C  FOB  1/2  IS.  DIA.  STEAND 

e 

IP.rLICIT  REAL*  8  (A-H.O-t) 

c 

COn  PON  AP.AST.D.FE.FSU.TSU.ES.ESTIR.EPSCE.rPSSE.EPSSA. E!"SSU,B.  B, 
2BH.tiH.XL.  FC.I.nODB,  EPSCU,  ECON,  ECCN.  A,  XINC.T.C,  ER,  ANSI, DELTA, 

3TST  1 ,  OST2  ,DST3.  SSTU,  S.SIKP.A  .TENS,  PPULT,  rlSTI  B 
4,  DFP.OD1  ,D?*,O02,  D FOOD 3,  DS,  IN  1  ,TC,  XCB,  3ETA,TllSTA,T»,Tr, 

5EP5C01,  FrSTEN,FC0.1,FTEK,XNC0l*,XNTEN,TC0H,TTES,A1.  A2,  A3.A4 
4,TCS,ll.n,  V.SHA  IS,SBIHS,SHAIT,Sf;lST,SnAXIi,Sn:ND,XIX,«:r,SI,ST,QX,OT 

7, ALFAE1,ALFAE2,THPHtl,THraS,THrHT 

8,  AS,  IS,  AREA  ,TC,  I,  T.DtTTH,  AX  I  ALL,  rSUPC,  XN  All  EA,  MOD,  ET IELD,  ESB, 

9  FOLT ,  FY  7L  T,  MET  ,  T  Sli ,  PHI  FAC  ,  EE  I.  EH ,  TOT  A  Lr ,  TOT  ALP, 

1  70TALN, EAS, F  s,S  11  flF.SUP.FP.SUBFS, COUNT,  Pll  I ,  DEP,  ARCCOH ,  FCELEB 

2.  HCOn  ,  ECO  HP  ,  F  I'O.H  P,  ACCrr.ELFOaC.rCCC.XNSIbT.rCEl 

3 ,  THET  I'F.  ,T  HOTS  R,  TH  ETTR 

e 

COn  HO  N  N.  R,  NODE,  NELMS,  NST  EEL,  R  A  DEEP,  RECOBP 

c 

DINERS! OS  AP(10),D(10),rE(1C),PSU(10),TSU(10).ES(10), 
i  rrscr  (10) ,  rrssr  (10)  .rpssA  (10)  .rpssti  ( 10)  ,ds  (10)  .fPULT(IO) 

2, AS  (20)  ,TS  (20)  ,  AREA  (500)  ,  TC  (500)  ,X  (500)  ,  I  (S00)  ,  EELEn  (50  0)  .  BAS  (20)  , 
3  FCEl  (50C)  ,FS  (20)  .FCELEP.  (50  0)  ,  A3CCOH  (500)  .ELFOaC(SOO) 

c 

c  note:  all  sTiirssns  in  nsi  -  forces  in  rips 
do  sc  :*i,ti 

I  r  ( 1‘ II  (I)  .CT.0.00  .  AND.  EPSSII  (I)  .  LT.  0.0070)  00  TO  20 
Tr(rPSSII(7)  .C.T. 0.0070  .  AND.  EPSSU  (I)  .  LT. 0. 0  1 4)  CO  TO  30 
IF ( IPSGU ( I) .GT.0.014) GO  TU  40 

20  psu  (i)  *es  (i)  •trsso(i) 

CO  TO  50 

3C  PS'I  (I)  *-18:8700.00*  (EPSSU  (I)  )  **2*  4  6403. 0*EPSSU  (I)  -54.70 
CO  TO  50 

40  FSO  (I)  *448.C0*EPSS0  (I)  *254.2 
50  CONTINUE 

C  CHECN  WHETHER  STRESSES  EXCEED  OLT.  STRESS 

TO  70  I*1,H 

7 c  :p  (Fsu  (i)  .ct.  rruLT  (i)  |  rsu  (i)  •  rruLT(i) 

C  TORCES  IN  P3ESTRESSINC  STRANDS 

DO  SC  1*1,11 
80  TSO  (I)  »PSU(I)  *AP  (I) 

RETURK 

END 


■ 


n  o  on  no  n  noon 


surpout  ii;  t  stp  <oi 

th:;  gup poutj  x  f  solves  rop  stresses  aid  popckg  iv  pr igtnessXic 
strands  (msihrpixn  ai.go  noilin-ar  phnitoi  or  gthevg-stnaii  curve 
ros  ^/a  i».  m».  strand 

IEPLICIT  REAL-'I  (A-H.O-Z) 

corr.ni  ap  ,  ast  .  d,  sr,  l  gh.tgii,  eg,  egtii  ,  sr:.CE,  rrssL,  lpssa,  ersso.'a,*, 

21H,  HH.XL.  IC,  XP<  DP  ,  ETSCU  ,  ECU*  ,  ECC» , A , X I HC ,7,C, ER , IISI , DELTA, 

JDGT  1 ,  DST2  ,  LGT  1,  OjT*,S,GK..,IA  ,TANIi,  E i'll LT ,  r VST  IN 

x.  dpeudi  ,  dpeci  2,  umoo ),  dg,  xk  1  ,ic,  ico.iie rx.TUETA.TN.TP, 

Sepgcoh,  i.ro.Trn, icon, itik,  i in  nn.jx rxi,TfOn,TTi.i,»1, 

A,TCR,l>R.,V.:>rAI:.,GnIKG,G".AXT,N.1IKT.GnAID,SllI*:i,XII,XII.SI»St.QI.QT 

?,ALrA21,ALFAF2,THPlr,TllPN3,TH:-R7 

8,  »S  ,  TS,  AP  EA.  TC,  X  ,  T.CEPTII,  AXIALL.rSUEC,  XIAREA.TEOO.Et IELD,  ESM, 
GtULT,  rtli.D.rULT,  run.  I'll!  rXC.tELE.G.TOTXUr.TOVALP, 
x  tctai.n , r xs, rs, s ii .ir.sB.ifp.sBsn. count, piii.ozp.arccoh.fczieii 
2,HCOG.icurp,rccr.p,icorp,ELroi<c,rccc,xxsiuT,rcEt 

S.IilETaR.THETSR.THETTR 

COf  ION  I.H.IODE.IELIIIS,  NSTEEL.IADEEP, RECOUP 

dib  ession  xp(ic) .  D(iO)  ,rz  (VO)  ,psd  (ic)  ,Tsn|io>  ,es(voi , 

1  EPSCE (10) , EPS3E (10) , ErSSA (10) , EPSGU (1 0)  ,  D3  (10)  .  FPULT  (10) 

2,  AG  (20)  ,VS  (21)  .  XII  EA  (GOO)  ,  TC  (GOC)  .  X  ('.TO)  ,  1  f.CO)  ,  r.KLEn  (GOO)  , CAS (20)  , 

)  rciu  (GOC) ,  rs  (20) , eceleh  (sooi  .aiccor  (sooj  ,ELrc«c(S0i) 

ICTE:  ALL  STS  ESSES  II  ISI  -  rORCES  II  IIP* 

DO  SO  I-  1  ,11 

lr(EPGSO(I)  .07.0. CO  .ADD.  EPGSU  (I)  .  LT.  0 . 0070)  CO  TO  20 
I  r  (EPSSU  (I)  .GT.  0. 0070  .  AXD.  EPSSU  (I)  .  LT. 0.011)00  TO  20 
IP(EPSSD(I)  .CT.0.01X)  GO  TO  *0 
20  rsu  (I) -EG  (I)  •EPSSU(I) 
r. 0  TO  SO 

3  0  rsi)  (I) --1765*75.00-  (EPSSU  (I) )  ••2»«Sm.OO»ZHSU(I)-2».7 
no  tc  so 

1C  rsu  (I)  ■  *(,*. CC-EPSSO(I)  ♦251.70 
SC  CONTINUE 

ClIECE  WHETHER  STRESSES  EXCEED  ULT.  STIES* 

DO  70  1-1 ,1 

7  0  :r  (ruu  (i)  .ot.  rpULT(i) )  rsu  (i)  -ppult(I) 
n«C2S  IK  PaSSTJESSING  STEANSS 
DO  80  1-1,1 
80  TSU(I)-rSU(I)*AP(I) 

8  ETUI* 

END 


SOOSODTIK*  STPASD 

THIS  SUPFOTTIxr  SOLVES  rOF  STRESSES  AND  FORCES  II  PRESTRESSIIC 
STRANDS  CONSIDEFIXC  ALSO  NONLINEAR  POFTION  Or  STR ESS-STP A II  COIVE 

rop  Tnr  following  croups  or  HEAns  aa,  ah,  ac,  ad 

1 .1  ELICIT  SE.LL-8  (A-H.O-7.) 

CCr.-.GN  AP,  AST.r,  ri.rGU.TSC.ES.ESTIR,  FPSCE.-PSSE, EPSSA, EPSS0,8,H, 

2ii:i, :i :i, XL, I c,xr. rp p, rrscn,  icon,  eccn, a ,  xi nc.t.c, ef.i is i .delta, 

3PST1 , 5:T2  ,CSTJ,  DOT*  , S.SIGHA,  TANll,  PTULT,  PINT  IS 
«,  SrrO01,rriOD2.  Dr.inDJ.OS,  Z*1',TC,  XC*,P7TA,TI!ST»,TII,Tr, 

SETJCOH,  EPSIEK,  SCO-.,  HEN,  XXCOH.XST  tl.TCOr.TTtl.AI,  A2,A3,»I 

6. TCB,  rr,  V.SHA  XS,  Sf!  I  NS  ,  SNA  XT ,  S.1 1  XT  ,SPA  XB,  SHI  N3  ,  XII,  XI T,  S  I,ST,QZ,QT 

7, ALFAE1,ALFAE2,THrFR,7HPRS,T1!  PBT 

F, AS.t S. AP  EA.VC, X, I.DLPTH, All  ALL, rSUBC, XN  A  RFA  ,  T.IOD.ETIELO, ESM, 
9EULT.F1  LLP.  ri'LT,  IS!!.  PH  I  FAC,  EE  LEI,  TOT  ALT,  TOT  ALP, 

1  TOTALS  ,E  AS  ,  KG,  SUE  E,  S  Ur,  IT  ,  G  Un  PX  .COUNT.  PHI  ,  DE  ?,  A  RCCOH,  TC  ELM 

2,  hcc.h  .ecc.-p,  reerp,  acopp,  elforc,  fccc.iesidt,  re  el 
3, IHTTPS.THETSa, IHF.TIP 
coirr  N  N,  .1,  KODE,  HELENS,  N  STEEL,  X  A  DEEP,  KECOHP 
DI-ENSIlIX  AT(  1C)  ,  D  ( 1C)  ,  FF  (10)  ,rGU  (10)  ,TSU  (10)  ,ES  (10)  , 

1  EPSCEI  1C)  ,KTESS(1D)  .EPGSA  (  10)  ,  EPSSU  (1  0)  ,  OS  ( 1  C)  ,  FPULT  ( 10) 

2,  AS  (20)  ,1S  (20)  ,AFE.1  (SCO)  ,  VC  (500  .  X  (GOO)  ,  I (SCO) , ELLEN  (50  0)  ,EAS(20)  . 
3  FCFL  ('■00)  ,  FS  (20)  ,  FCFLEM  (SCO)  ,  A  RCCOH  (500)  ,  ELFOSC  (S00) 

C  X.1TK:  ALL  STRESSES  IK  KSI  -  FORCF-S  II  KIPS 

PO  50  I-I..1 

IP  (I  .  E.1.3  .OS.  I.  EC.R)  CO  TO  *5 
c  I/O  TX'"II  STRAND 

IF  (EPSSU  (I)  .CT.O.CO  .  AND.  EPSSU  (I)  .  LT.  0. 0070)  CO  TO  20 
Z r  ( r r r. .: ;: ( T )  .nr. 0.0070  .and.  crssu(i) .  lt.o.oiujco  to  30 
ir  (Ersstn i)  .cT.o.on*)  go  to  *o 
20  rsu  (i)  -fs  (i)  -etssu  (i) 

CO  TO  SO 

30  rsn  (I) --11:87  00.00- (EPSSU (I)) -•2-88*0 3.0- EPSSU (I)  -58.70 
CO  TO  '0 

«C  FSU  (I)  ■**  S.OO-EPSSU  (I) -258. 2 
CD  TO  GO 

C  -l/S  INCH  STRAND 

*5  irirrssu(i) .ct.o.oc  . and. epsso (i) .  lt. o.octo) co  to  120 

I  ?  (  EPGSC  ( I)  .  OT.  0. 0070  .  AND.  EPSSU  (I)  .  LT.0.01*)CO  TO  130 
IP (CTSSU (I) ,CT.0.01*)CO  TO  1*0 
120  FS'J  (I)  -  EG  (I)  -  EPSSU  (I) 

CO  TO  c-  1 

130  rsu (I) --1765*75.00* (EPSSU (I) ) -•2-*5*98.00-EPSSO(I) -27. 7 
CO  TO  GO 

me  rsu  o  -*F*.oo*rpssu(i)  -25».70 
50  CONTINUE 

C  CHECK  WHETHER  STRESSES  EXCEED  ULT.  STRESS 

DO  70  1-1,1 

70  :r(rso(i).GT.rruiT(T))rsu(i)  -  rp  ult  (I) 

C  rOFCES  IN  PRESTRESSIKC  STRANDS 

no  fo  i-i, n 

80  TS  J  (I )  -fSU  (I)  »AP(I) 

R  ETUKK 
END 


ouu 


suppourtse  htdaph 

T.ui.  Miiiiou :i tit  •  uni::;  fob  ‘IT  R  r i,  ash  Koiirrs  is  m nr, T * r.:;s Inc 
strislc  ton-: l mm m:  *l.o  i u>: a m  i'omiou  or  STkiruu-sTRAis  cuaxf 

fD»  the  rr-nosisc  croups  or  kimj  ai,  as,  ac,  mi 
Iinicil  pf.il*r  (*-11,0-7.1 

co -non  ap.alt.  r-,  rc.  r::n .  tsii,  c..  cor  ip,  r.rscF.,  rrssE.EPsr.A.  epsso.s.ii. 
2nn.  mi,  n  ,  ic, ipodr, :  p-.i  ii, rcns ,  in  s,  a,  n  rc.t.c,  rs , mil, delta, 

3l  »t  1,  dvi2,pst  i.dsta,  h.sigsa.tahii,  i  piilt, 

4,  sppoai,  r.Frr.ua,  i.m.’.'n .  i. ;,  iai,  ;c  ,  h  r,  uita.tiicta.tu.t  P, 

5EP  .cos,  EPiiTir.,  icos.fte'J,  X  i;r.,s,  inti  u,Tc.>r.,v: ::::,  ai  ,  A2,  A3.  A* 
».,tci-,ii-,7,.tia»  :.r.nm:;,-.sAiT,';rii:T,:.r.»i:i,on)Kn,iT«,lir,»l,ST,QI,o* 

7,  XL  PA  F  I ,  A  LEAL.' ,  ?I:PI  :i,T'IPP  S ,  TIIPtlT 

8,  A  A  ,10,  M,  1  A  ,  MI,  I.  T,  01  IT  II,  AX  l  ML,  (  I.UIIC.  IN  MICA  ,  I  SOD,  1 1 1  ELD,  ESI, 
SEBLT,  r  I  FLD,  f  ULT.ISL'.PHl  rAC , EE LEB.TOT ALF , IOTA LP, 

1  TOTILK.lAl  ,  PS, SO BP, SUB  rP.SU.IFH,  COURT,  PHI ,  0  2?  ,  ARCCOB,  PC  Elt* 
2,HCCn,rcnr.l-.FCOBr,ACOBP,ELPORC.FCCC,ISSlOT.PCEl 
3,7HETliA,THE7SP,7lirTTH 

con  poi  v,  b,  ropr.  ,nh:.ths,  ssttel,  radeep,  sr.cosp 
disessior  r.r (U)  ,E(iO) ,? e  (10)  ,rsu  i\C)  ,tsu  (10)  ,ES(lOj , 

1  EPSCE  (1C)  ,  KPSSi(K)  ,EPSSA  (10)  .EPSSU  (10)  .  DS  (10)  ,FPUL7(10) 

2, A  7  (2  0)  ,10(00)  ,  AIEA  (SCO)  , TC ( SCO)  .  I (SCO)  ,  T  (000 )  ,  EC  LEB  (SCO)  ,EAS(20), 
3  PC  £0  (0C0)  ,  .-S  (£0)  . f COLES  (*,00)  .ARCCOB  (000)  ,  ELPOBC  (SCO) 

C  ROTE:  ALL  ST?  ESSES  IS  SSI  -  POACES  IS  SIPS 

to  50  1*1, s 

IP(I. 10.3.0?. I. PO.kJCO  TO  45 
C  1/2  Il.LlI  S7RADD 

IP(EP.7SU(I)  .CT.0.00  .A»D.  EPSSU(I)  .  IT.  0 . 0070)  CO  TO  20 
IP(EP0C0(I)  .CT.  0.0070  .  AVD.  EPSSU(I)  .  17. 0 .0 1 4 )  CO  TO  30 
ir  (  EPSOU  (I)  .r.T.0.O14)CO  TO  40 

20  ecu  (i)  *es  (i)  *r?ssu(i) 

GO  Ti;  50 

3  0  PO  a  (  T)  *-18  28700.00*  (EPSSU  (I)  )  **2*4640  3 . 0*  EPSSO  (I)  -5*.  70 
CO  TO  50 

40  PSG (!) *44  6. C0*E?SS0(I) *256,2 
CO  TO  50 

C  3/8  ISCH  ST8ASD 

45  :p(£PSSH (T) .CT.O.OC  . ASD. EPSSU (I) .  IT. 0 . 0070) CO  TO  120 
IP(EPjSL'(I)  .GT.C.CC70  .ASD.  EPSSU  (I)  .  LT.  0 . 0  1  4)  CO  TO  130 
TPCEPSSIJd)  .CT. 0.015)60  TO  140 
120  FSD  (2)  *PS  (I)*EFSSU(I) 
r.o  to  50 

130  PS'J  (I)  - -17654 75. 00*  (EPSSU  (l) )  **2*45496.00*EPSSa  (I) -2*. 7 
CO  TO  50 

140  P.5U(I)*J64.00*EPSSO(I)*254.70 
50  COST  I  HU  E 

C  CP  ECS  4'HETBER  STRESSES  EICEEO  HIT.  STRESS 

00  70  1*1, B 

7  0  IP  (PSU  (I)  .CT.  EPULTd)  )  PSO  (I)  *  PPOLT  (X) 

C  POPCES  IS  PSESTR ESSIRS  ST6ASDS 

SO  80  1*1, S 

60  TOU  (!)  -PSU(I)  ‘AMI! 

BETUil 

E>» 


SUJROCTIHE  TCRSOL 

C  THIS  SOPrODTI BE  SOLTES  POB  CRACRIKC  TOR03E  ASD  MlCLt  OP  IRCHRATIO 

C  R  OP  rlRST  CHACS  4.P.T.  LOKCITUDIKAl  Alls  OP  BEAH  -  SOLID  X-SECT. 

c 

InrLICIT  REAl*8(I-S,0-I) 

c 

COB  BOS  AT, AST, P, PE, PSO, TSD.ES.P.  STIR, EPSCE, EPSSE.EPS  Si, E  PSSO,  •,  B, 

2  PII.  P  K,  1  L,  PC.  I  no  DR,  EPOCH,  ECO  N  ,  f  CC  H  ,  A  ,  1 1  »  C,  T  ,  C,  ER  ,  I SS I ,  D  ELTA  , 

3DST  1 ,  DS72  ,DST3  ,  DST4 ,5,  SIGBA  ,TARD,  E'PULT,  FI5TI 8 

5,  Df  BCD1  ,  PF.'OD2.  DFPOD1,  DS,  XK1  ,TC,  ICR,  UETA,THETA,T«,TP, 

5 EPS COB, EPSTfs, PCOB.ETEH. XSCOfl.IHTES.TCOS.TTER, A1, A2,  A3,  A4 

6, TCR,EH,Y,S.1A  IS  ,  SSI  SS  ,SS  A  XT  ,  SSI  ST  ,SSAXB,  SSI*  S,  XIX  ,  I II ,  SI,  SI,QX,QI 

7,  ALFXE1,ALFAF2,  TlirFS , THPR S, TIIPRT 

6,  AS  ,  IS,  AREA,  YC,  X,T.  DErTH,  AI I  ALL,  PSUIlC.  IS  ABEA  ,  TSOD,  Et  IELD.ESB, 
9EUIT, Ft  ELD, FULT, ISH, PHI PAC, EE LES, TOTALS, TOTALP, 

1  TOTALS. LAS, ES, SUSP, SI)  BEP.SDSPR.COUKT,  PHI ,  DEP,  ARCCOB  ,  PCELEfl 
2,  HCOr, ECOBT, rcosr, ACOrr.ELEORC.FCCC.ISSIUT, FCEl 
3,711  ETPR.T  SETS  P.TBETTR 
C 

COB. -OB  S, B. SeCE,S£LESS,»STSEL,«ADE£P, JECOSP 

c 

CIHFRSir'N  Ar(10),D(10),FE(10)  ,FStl(10)  ,7SO(10)  ,SS(10)  , 

1  EPSCE ( 10) , EPSSE (10) ,EPSSA (10) .EPSSU (10) ,DS (10) ,PPCLT(!0) 

2,  AS  (20)  ,TS  (20)  ,  ATE*  ('  CO |  ,  TC  (500)  ,  I  (5C0)  ,  I  (500)  ,  EELFB  (500)  ,  BAS  (20)  , 

3  FCEL  (500) , rs  (20)  .FCLLEH (50  0) , APCCOn (500)  . ELFORC (500) 

c 

C  CHECS  FOR  POPE  BESDISC  CASE 
IF (IH5I.LT. 0.005) PETU1B 
siarA*slcrA/lCCO.CO 
COE  FD  » 180.00/3. 14157 
SX*?*H»*2/6.00 
St*  F**2*ll/(  .00 
FT-lr.Oor/IOCO.OO 

re*  fc/ ioc o.oo 

ECTEKS*0. 00010 
AR-H/B 

IF(Mt.LT. 1.05. ABD.AR.CT. 0. 95) ALFA El*0. 215 
IF(AR.LT. 1.05. ASD. AR.CT.O. 95) ALFA E2 *0.215 
IF(A5.LT.  1.55.A.4D.AB.CT.  1,«S)  ALTA  El  *0.260 
IE (AB.LT. 1. 55.ARD. AR.CT. 1.45) ALEAE2-0. 230 
I F (AB.LT. 2.05. ASP. AB.CT. 1 .95) ALFAE1*0. 305 
1 F  C  A  . LT.  2. 05. ABD. AB.CT. 1 .95) ALFAE2*0.24S 
C  CFACF  STAFTS  AT  T8E  EOTTOS 
SO*  1 

CX* ». 00/3. CO* (FT/FC) **2 
S-AIR*2.00*FT/PSQRT(3.0COO) 

IIKC*SBXI B/10 .00 
SBIXH*SBAID*IISC 
100  SSI IB-SBX XB-IISC 

TCFP*6.00 •ALPAr2*SBAI0*SI* (-3,CG*ALFAE2/X5SI*D2QRT( (3. 00* ALPAE2/XB 
2S!)  •*2*SIC*A/S.BIXD*  (1.00*6.00*  ECCS/H)  *1.00)) 

TI"2TH‘ 1. CO/ (3.00*ALFAE2) *TC«B*IS5I/ (-SICBA*ISSI*SX» (1 . 00*6 . 00» 
2ECCB/H)  *TCR  P) 

THETIB-DITAS  (7A«2TB)/2.  00 
THEIBI'THETAI 


THrTI'J*  -  I.  t4  1Vf//a0Q-Tl(r.?lift 

CHu.-f  o:UOU«T  Of  PPINCIPAL  STRESS 

I  r  (1  AN2TH.  LT.  C.OO)  TliETbW'THKTBO-).  H  1S9/I.00 

T II  f  T 1 1  *  1 B  E  T  bR  •  CO  E  F  t 

TC?*TCBS 

bn* TCP/IFSX 

VO.GC*KT*/  (O-OELTA) 

CALL  PJtl.Ol 

BC»rO*1  • 

X F  ( RO. OT.  200)  UP  ITF (6,70) 

IP^O.CT.  20C)CO  TO  no 

SMiii';*  (1.00-  (snAX»/rC)  •  • 2/CX )  *rc 

t h r  (sraxm/k:)  **2-cx •  ( i . OO-sni nr/fc) 

X  F  ( T  A  DS  (D AUS (SRI N  B)  -SB I N  EQ)  . L7.C.001)CO  TO  no 
I  P  (  LA  liS  (:  M  Ml)  . CT.SRINEQJCQ  TO  100 
sra  tu  -  - 1  /  xo*i;uc 
xirJC-xiJiC/10.00 

CO  TO  1 0C 
110  COWTIXUE 

TCPbS=E3TTR • A  ST#  EC7ES  S*  DC0S(?HE7DB)*B/(D?AS (7HET3B) -S)  • (8*S) *0.0 
TCP  PT0-7CPIWTCBDS 
WHITE  (6, 1 C) 

WFI7E  (6,20) 

B  ?  1 7  P  (6,30) 

wniTE  (6,*C)  TCRB.TnE7&a,7HE7BD,TCBBS,TC887O.SflAX0,SRlVB,Tli?B3,Ea,aO 
CLACK  STASIS  AT  THE  SIDE 
no*  1 

S*AXS»2.CC*fT/DSVkT  (3. 00D0) 
i:>C*SFAX3/10.00 
S.IAXS^Sr.A  X3*XIWC 
200  SHAXS*SRAXS-XU»C 

TCRS*SRAXS*6.  G*SY/(1 .00/ALf  A  El*  3.00/DELTA)  •DSCRT  (1 •> 00  *SXCB1/SS  AXS) 
TAX  27 II  *.G3»t>SQRT  ( 1 . 00  •  SI CR  A/Sn  AX S)  /  (S  ICR  A/SB  AXS) 

7H£IAS=CATan  (7AS2TH) /2. CO 

T!!F.tsi«*t:i  z;  as 

THET  3D*T»(  ETAS^COEFD 

TCP  «?CRS 

DR*  TC  R/X  A  SI 

X*2.0C*TCP/(B*DELTA) 

CALL  PSTSOL 

rg*ro*i 

ir (RO.CT.2C0) WRITE (6,70) 

IP (R0.C7. 200) CO  TO  210 

sr:  n?.o*  (i  .oo  -  (sraxs/fc)  ••2/cx)  *rc 

Ea*  (SRAxr./PC)  ••2-cx*  (i. oo-sriws/pc) 

IP (DADS (DAOS (SR INS) “SRIWEQ) . LT.0.001) CO  TO  210 
I?  (DADS  (SfllKS)  .GT.SRINEQ) CO  TO  200 
SRAXS*SR/.XS*XIKC 

x:nc*x:kc/io.oo 

CO  TO  200 
210  CCS TI SUE 

TCPSS*ESTlP*AST*ECTEMS*DCOS  (THETSB)  •  8/ (D7AS  (THE7S 3)  *S)  •  (11*3)  *0.0 
7CPSTC«TCRS*TCBSS 

W BITE  (6, SC) TCHS,TKETSB,7HZTSD,TCHSS,TC8STO,SnAXS,SnlNS,TH?BS, 21,  BO 
C3ACA  STABTS  AT  IMS  TO? 

P.C*  1 

SRAXTO.CCTT/DSQIT  (3.0000)  * 

X INC*SR AXT/  1C. 00 
SRAXT-5RAXT»XIKC 
300  SrAXT’SRAXT-XIjrC 

IP  (5n  A  X  7. LT.O.CO) CO  TO  310 

TCR7*o.  CC* ALFA E2«SP.A XT* SI*  (*3. 00* ALFA  E2/XKSIOSQBT  (  (3.0* ALFAE2/XKS 
21)  ••2*Sir.r  A/SRAXT*  (1.00-6. 00*ECCK/li)  ♦  1 . 0  C )  ) 
TAS2TH*1.C0/(3.00*ALFAE2) ♦7CB7»XKSI/ (♦SICRA •IKSI^SX* (1. 00-0. 00» 
2ECCN/M)  ♦TCRT) 

THE  T  A  T : TAT  1 K (T  A  f*2TM) /2. 00 
THTTTR  -TliriAT 
THP7TD  T»»E:T?.*COEP0 
TCP  «TC?T 

V~2 .00*TCP/ (R*DELTA) 

PR^TCP/XNSI 
CALL  PSTSOL 
fO=.TO*l 

IP (ro.CT.200) WRITE (6.70) 

IF  (RO.r.T.  2CC)  GC  TO  310 

srinpcm’.oc-  (s-axt/fc)  •  *  2/cx)  *rc 

rs=  (SRAtr/rc) * • 2-cx • < i . oo-SHisT/rc) 

IF(DAIS(I  A33(Sr.iriT) -CABS  (SRINEO)  )  .LT.0.001)CO  TO  310 
ir  (TAPS  (:.RI  NT)  .CT.SaiNEO)  00  TO  300 
S  R  A  X  7  *  I*  R  A  X  •  •  X  I KC 
X  INC* XX  NC/ 1C. 00 
CO  TO  305 
31 C  C05TIWCE 

TCKTS* > S?IH*AS7*FC7ENS* DC OS (THETTP) *0/  (DTAS (TECT7R)  *S)  • (U* 8) *0.33 
TCS77C- 7C?T*TCRTS 

select  onvr.^NiM;  ancle  (  radians  ) 

WRITE  (o  ,  m))  TCKT,  TM'-TTS,  Tli  E  71 3,  TCBTS,  TCB770,SH  AX7,  SHIFT,  THPtT,  EB,  BO 
1C  fosrat (/, sx cracking  strength*) 

20  rrPRM(r  r,»  ••••••••••••••••#•,//) 

3C  rOFF.AT(12X#*TC»3t»E  CONC  TH.  (RD)  TH.  (DEC)  TO*  STII  TOT.TOBQ. 

2  5PFINCRAX  S?R  INCRIJ*  THETA  (DEC)  ERBOB  PO.ITEB*,/) 

AC  PCFTAT  (**X,'  1‘OTTCi:  •  ,9F1  1.  S,  16) 

SC  roar  at (ur#* side  :  • ,9fi i . S, 16) 

6  C  POP.-AT  (UX  ,  •  TOP  :*,9f11.5#I6) 

70  rOP*AT (SX, •SPECIFIED  SO.  OF  ITEB ATIOBS  BAS  EXCEEDED*) 
fC«  FC*1C00. 03 
s:-r A*i icra*10C0.0C 
B  STUBS 
END 


. 


u  u  ou 


silnvsBTUr  f.i-.ni 

Tills  MitiP.itiTl  »K  sulyci;  ro»  rn»cirAi  i.Turusns  uhdeu  conn.  loapiic 
ibplicit  p-ad-a  (a-ii,o-z> 

rcn  SOLID  X-SECTIO» 

co- iok  ap, act, d, rr..rou,Ts3, tr., cstip, ep.cck, rp-.'sE, rrssA. epssu,»,», 

2LM,  till,  IL.JC.IBI  LI',  I  rcm  ,  Pi:r»,  A,  >:  *l'.T,C.E«,  IKS  I,  DELTA, 

3D5T1.DST2  ,DST3,nDTM  ,S,SX,;rA,TAIID,  1 1*11  LT ,  ) YST1A 
H,  Dr  POD1 ,  P1TOD2,  Plr.i.D  I.US,  1<  1  ,TC,  II  P,  HETA  ,7IIF.  rA.TW ,7r, 

M  PI.  COB,  !  PSTFK,  mr.lTMI.  «SO.B,XNTL«,TC''B,TTt*,»1,»2,»  J,»« 

6,  TCB,  PS,  H.DSA  iD,D*.  1*3, os  AIT.  OBI  AT  ,  id*  IU.S.1I  H 11.  XII,llr,3I,SI,QI,QI 
T.ALriEl  ,ALrAI2,TH?l<!!,T!IMIS,?IIPIiT 

fl,A3,tJ,Ar-EA,YC,X,Y,DEP7!I,AXIALL,rSUllC,X!IAPEA,XS0B,EYXE!.D,ESII# 
9EIILT,  ft  1  LD,  rUI.T,  tr.li,lii;r;,C,  EfLLs, TOTALS, TOT ALP, 

1  TOTAL*  ,  E  AS,  »£,£  USE,  5U.T  rP.SU*  r»,COU«T,  PHI,  DE?,AACCO»,rCItE« 

2,  iiLOn ,  lco.-.p,  reenp,  icor.p,  el  rose,  rccc, iksiut,  re  el 

3,  Til  FT  fill, THEY  S3, Til  ETTA 

COS  SO J  A,  S,  RODE.  UELE.-.S,  « STEEL, KADEEP, HECOBP 

oi-eosigs  ap(10)  .  d(10)  .re  (it)  ,rsu  (10)  ,~su (30)  ,ES(iO) , 

1  EPOCH  1C)  ,  EPI.SE  (10)  ,  SPSS  A  (10)  ,  EPSSII  (10)  .  DS  (10)  .  MULT  (30) 

2,  AS  (2  0)  ,»S(i«)  ,  AAEA  (SCO)  ,  YC  (SSS)  ,  *  (SCO)  ,E  (SOi)  ,  SELES  (S30)  ,2 AS (20)  , 
3  rcrL(SCD),rS(2G)  .FCELEB (SCO)  ,  APCCG.l  (SCO)  ,  ELrCSC  (SO  3) 

SHEA!  STFESSZS  DUE  TO  TOESIOI 
TAUVT*Ti;?/  (ALPAE1  *H*B**2| 

7  A II  !'.T  *TCP /  ( ALPA  E2-0-U-  - 2) 

T  AUT7  -7AIIBT 

c  sii-as  stp roses  due  to  sluiujal  sueia 

7A'l»*-3.CD-l/  (2.0C-B-U) 

TAIILV-C.OC 
TA'ITV  -0.0C 

C  A  OPS  A  L  r.lPESSES  DUE  TO  rLEXUBAL  SOKEBT 

S IG  B VB*0, 00 
SIOSTU--DB/SJ 
SIOSIltl-BS/SE 

c  MOPSAL  -TfESSES  DUE  TO  PtESTBESS 

sii:rvp=-sxc.sA 

sikstp-sig-.*?-  (i.co-6.oo*ecc»/») 

SXIIBl.P-  STOSVrs  (1.  CC-C.CC-ECCI/U) 

C  CoBBIPeD  ST3LSSES 

SI  SIT*SIC.1T;i»SICSTP 
TA'JT'TAD'TT«TAUT» 

A  ADT  =  DSOrT ( (S IGBX7/2.C0)  --2-TAUT--2) 

SI  A  XT -SI  KB  I T/2.00-PADT 
SSI XT -SICS XT/2. 00 -PAST 
SIGSXS-SXGB VB»SICBVP 
TA'JS*TA')VTaTAIJ7V 

PADS3 D s v n T ( (SICS X S/2 .00)  •*2aTAUS»»2) 

SBAIS*StCBXS/2.00 ASADS 

s  bids -sic  r.x  s/2,  oo-a  ads 

SICSIB-SICXEBaSICBDE 

TAJB-TAUCTaTAUDY 

t a;b-SS2PT(  (SIcr.XB/2.00)  »-2-TAU8»-2> 

SSAXB«SIGSXB/;.OOaEADB 

-5STH3-SIGSX6/2.C0-BADB 

COErD-1SC.CC/3.1UlS9 

IS -A3- CAT  AS (TAUB/ (-Sics ID/2. 00) ) -COErD/2.00 
THPPS-EATAS  (TAGS/ (-SIGS  XS/2 . OC) ) ACOEfD/2.00 
TP P ST 3  CAT  AX (TA3T/(-S:CBIT/2.00) ) -COErD/2.00 
BET  USB 

MB 


no  ft  O  ft  ftftft 
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SC3ROUTIHE  TCPHOL 

this  surroiiTXNc  solffs  fob  cracfihc  to  b  chic  mh  awgie  c r  xbclibatio 
b  or  r ibst  crack  *.r.t.  lohuitudibal  bus  of  olah  -  hollo*  x-sect. 


IftPLICIT  BE AL*ft  ( A -H, O-T) 

coir.c*  ap,a*jt,d,  pe,  rsu,T::u.  r.s,  estir,  fpsce,  fpsse,  kpgsa,  ppssu,b,s# 

2BH#  Mil,  I  L,  FC,X: 10  Li'  ,  EP3CU  ,  ECO*  ,  f  CCI*  ,  A  ,  I  T  NC  ,  T  ,  C  ,  LB  ,  1  KS  I  ,  CELT  A# 

3DST  1  ,  DS72  ,  DS7  3,  f.:.T4  ,S,S  I<.HA,7  AUU,  MULT,  PTSTIil 
4,DFr.ODl,DPHO:.2,Dhr.OCl,DS,XKl,TC,XCR,bKTA.Trtt:TA,?V,Tr# 

5EBSC3H, EPSTES.  PCn.H,  F:EN,XNC0r.,XS7tS,TC0n,  7TLll,Al,A2,  A3,  A  4 

E,7Cfl,  kr\,  X.OIAXS,  SR  I  NS, SB A  XT,SnlN7,SrAXQ,SnlN3,X:X,Xir,SK,SI  ,0*«0Y 

7,ALFAEl,ALrAZ2.TUPBD.TIlPRS,7HI»;<T 

6, AS,TS, AB  EA  ,rc,  X,T,  DEPTH,  AM  ALL,FSUBC,  Xu  AREA,  TftOD,ET  IELD,  ISM, 
9cULT#MFLD,fULT,TSH,PHIPAC,  EEL Eft,  TOT  ALT,  TOTAL?, 

1  TOTALS,  CAS,  FS, SURF, SURF  P ,  S'J  n P  H ,  COU  HT ,  I'll  I ,  D E  ? ,  ARCCOII,  fCEl*! 

2,  HCCR, ECCHP#?CCHP, ACORP, ELP03C, FCCC,*KSiai, FCEL 

3, THE7bP,ThE7SP,THEITI 


COHflOB  W,H,K0DE.NElERS,NS72EL,llADEEP,IIEC0fl* 

DI*.  FKSIf'N  A  P  { 1 0 )  ,  D  ( 1 0 )  ,  P  K  ( 1 G )  ,PSU  (10) ,?SD (10)  ,ES (10)  , 

1  El* SCE(IC)  ,E?j5E(1C)  ,EP3SA(10)  ,  EPSSU  (10)  ,DS  (10)  , FPJLT(IO) 

2,  AS  (2  0)  .  TS  (20)  ,AREA  (SCO)  ,  TC  (SCO)  ,  X  (500)  ,  T  (SCO)  ,  LLLZ.1  ($00)  ,*1S(20)# 
J  PCEL  (500) ,  PS  (20)  , PC EL EH (SCO)  , ASCCOn  (500) ,ZLFOSC (500) 

CHECK  FOB  POPE  OEWDINC  CAS* 

IP  (XESX.I.T. 0.005)  P  ETOkS 
S  ir.RA-SlGRA/ICOC.CO 
COE  E  D  *  1 H 0 . QO/3. 14155 
XIX*  (d*H* *3-BH*HH**3) /12.00 
XIT- (3- *3 *II-BH**3*HH)/12.00 
sx>xrx/(H/2.00) 
sr«xir/(P/2.00) 

XXS-i‘*!l**  3/12.00 
SS»  X  I S/  (il/2 .0  3) 

B  S-SX/SS 

OX-  (b-il**2-DH*HH**2)/8.00 
OT-  (n*-2*H-BH**2*BH)/8.0$ 

..  N  PT*  6*  G-  BH*  II 
XKl-BH/l 
X  K  2s  H  H/l 
X  K*  X  K 1 

I P ( XK  2.  LE.XB1) XB-XK2 
XC* 1 . CO  - 1 K*  *4 
FT-XftOLB/lOCO.OO 
ECTEKS-C. CCC 1 5 
C  CSACK  STARTS  AT  THE  BOTTOB 

TCFB-3.  GC/B.OG*  3.  1 4 1 $5 ♦ XC’PT* SI*  (-3.00*3.  14 1 5  $*XC/  (1 6 .  C*  IKS  I)  *DSQI 
27  ((  3. 00*3.  14159*XC/H.C0/XKSI)  **2*  (SICRA/PT* ( 1 . 00 ♦ECCW* AIET/SX)  *1, 
3)  *P  5  •  •  2) )  /PS**2 

TAb  2TH= 16 .00/  (3.0  0*3. 1415$*XC) *TCBB* BS*XKSI/ (-SXC<U*XKSI*SX* (1.00* 
2ECCN-ANIT/SX) ♦TCBE) 

THETA B* DA  TAW (TAN2?H)/2«00 
I BETB  B-TH ETAS 

7RE7BR-3. 14 159/2. 00-TRET51 
C  “CHECK  CUADF.ANT  OF  PRINCIPAL  STBESS 

IP  (7  A  N27l! .  LT.  0.0C)  ?HE7D3sTHET8B-3.  14155/2.00 

THE7HD*TilETD?*C0EFD 

TCa  *7CF  B 

BR*7C7/XBSI 

V»2  .:C*TC P/  (B*DSLT&) 

CALL  PS7H0L 

TCa5S-rSTIS*AST*ECTEI*S*OCOS  (THETDR)  *8/(D7AB  (THETDB)  *S)  *  (H*B)  *0.45 
WFITF  (6,  1C) 

WHITS  (6,20) 

WRITE  ((',4C)  TCRH, THETDB, THET DO. TCBBS.TCBBTO,SnAXB#  SRI  WB,T8P*» 

w  p  i  t  r.  ( f , 1 0) 

TCFB7CrTCPU*TCPDS 
C  CRACK  STMTS  AT  THE  SIPE 

TCS.s*  K:*P50B?  (1 .00* SIC.-. A/F?)/  (16.00/  (3.  14159°U*B**2*XC)  *2.00*01/ 
2(U*AIX*7W*DELTA) ) 

TAs:t*.{*:.C0  *DS0RT  (1.C0*SIGf!A/rr)/(SIG:iA/PT) 

tmft as* r.*« tan  (7;.b:tii)/2.  00 

THCTSF*-TITErA5 

TMfT5r*T!!ETAS*CCEF0 

TCP  sTCRS 

DR -TO P/IK  SI 

f *2.0^*TCB/ (3  *DELTA) 

CALL  PS7GCL 

TCP  5S  -  ‘  57  IF  *Ar.T-FCTEBS*DCOS  (TIIETSR)  *0/  (D7AB  (THCTSR)  *S)  •  (H*  B)  *0 . 4  J 
TCnsTC-7CIS*7CFSS 

WRITE  ((•,'*«')  TrP5#TliFT5R,?llE7SD,TCRSS,?CRST0.SnAXS,Sn:WS,THPB3 
C  CPACB  STATTS  AT  THE  TOP 

TC37' 3.00/H.CC* J. 14  159* XC*PT*SX*  (*3.00*3.  1 4 1 5 9- XC/ ( 1 6. 0 • X K5 1) *0SQ* 
2T ( ( 3 . CC • 3 . 1 4 1 5  S • XC/ 1 6 • 0  0/X  KS I ) * • 2 ♦  (SIGH  A/FI* ( 1 . 00 -LCCN • A B ET/SX) ♦ 1. 
3)  *rr.«*r))/ns**2 

7AsTT!i-  1*“.C 0/(3. 00*3.  14159*XC)  *TCBT*P.S*XKSI/(*SICHA*XBSI*SI*(1.00- 
2TCCR*  ANFT/r.X)  •  TCBT) 

Tlli  7  AT*  OAT  A  ( T  A  W  27R) /2 . 00 

THl'TT?-*TH  FT  AT 

THETTD*THET7P*C0EF0 

TCRMCfT 

PH*7CP/XK5I 

V-2.CC-7CP/ (B-DELTA) 

CALL  PSTMCL 

7CRTS -1ST IR • AST*ECTEBS*DCOS (THETT8) *3/ (D7AB (TBETTR)  *S) • (H*B) *0.43 
TC?T70-7CFT*7CF7S 

wsxrr  {*>,'  0)  TC:'T,TllfTTR,THF.TT0,TCSTS#TCBT7O,SBAXT#5J1IkT#TliP*T 
1C  FORRA7  (///,5X,*C?ACKING  STPEBCTU') 

2C  ror r a r c-x # . . . . 

30  FC  P  P.  AT  (  121,  ’  TCP  O'J  E  COHC  TM.(RD)  TH.  (DEC)  TOB  STIB  TOT.TOIQ. 

2  SPRISCHAX  SPBZNCR2B  THLTA  (DEC)  * ./) 

40  rCRr.A7(4Xr*  BOTTOfl:  •  ,9P11. 5,14) 

50  FCPHA7  (4x,*SIDE  :  • ,9F1 1. 5, 14) 

60  rcn.-AT  (4x,»ior  :  •  ,9P11.5,I6) 

S2f.nA*SlCflA*lOCO.OO 

BETUPB 

CMO 


- 


no  noon 
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swiiioutihe  istiioi 

THIS  S'lKAOUTT  kt  SCHES  roil  PRDCTPAL  STRESSES  URDf  B  COn».  tOADIBG 
poa  uoiLi.R  i-sfctior 

IHPLICIT  REAL*b (A-H.O-I) 

cor.  roil  AP,A3T,D,rE,PSII,TSU,ES.FSTIR.ErSCS,EP3SE,EPSSA,EPSSa.»,«, 
Jllli,  1111,1 1,  PC,  I  POOR,  tPI.CII,  ECdH,  FCCR.  ».  I  inc.t.c,  eh.aasi,  delta, 

3DST  1,  E:,T2  ,  PST  ),  D:,TH,S,3:crA.TAn!l,  Fl  ULT,  FT3TI3 
*,  dphooi,  DF-.ot>2,Drnou),uo,  xk  i.tc,  xcR.nETA,Ti<sTA,T»,Tr. 

StPicoH,  r? ST f:;,pcoh,  ftes, xhcoh.x rt eh, tcoh.ttek, at, <2,1  3,a» 
fc.TCP,n.i,»,sr.Ais,:;nii.:;.GHAXT,GriKT,OF.Ain,SBlRD,xii,xii,Si.si.a*.OT 
7,  ALP  All,  AErAEi.THPRB.TilpaS.THPKT 

a.AS.TS.APEA.rC.X.T.LLPTH,  AIIAlL.PSUSC.XSASEA.Tr.OD.EIIELD.ISl, 
9eult,ft  flo,  FU-.T,y:-.a,i'iapic,nrLsa,TOTAir,iCTiLP, 
i  totalr,* as, Fs,suHp,sanr?,sunrn, court, phi. DEP.ABCCOB.rciiia 

2, ncoi,icoHP,FcoHP,*conp,tLroRC,rccc#ii(siBT.rcti 

3, THETi.,TH£TSR,THECT8 


cor. P OH  »,  H,  KODE,  H eee hs,  K STEEL, RISE EP, recoup 
DlrEIISICH  S?(  10)  ,  C  { 10)  ,  PE  (10)  .  PSU  (1C)  ,TSU(10)  ,ES  (10J  , 

1  E?SCK(1C)  ,  FPSSE  (1C)  .EPSSA  (10)  .SPSS;,' (1C)  ,00 (1C)  ,TPULT(10) 

2,  IS  ( 2  C  >  ,TS  (20)  .  AFEA (C00)  ,  VC  (S00)  ,  I  (SCO)  ,  I  (S0G)  ,  EELEr.  (SO  0)  , EAS (20)  , 
3  PCEL  (CGC)  ,  rs  (20>  .rCELE.X  (S00)  ,  ARCCOB  (SCO)  ,ELPOBC(SOG) 

c 

COSFO*leO.CO/3.  191S9 
IIX*(E*.“**3-bH*HH**3)/12.C9 
XIT*(B'*3*H-DH**3*MH)/12.00 
si'  x:x/  (p/2.00) 

ST  « 1 1 T/ (0/2.00) 

,  01= (D'M«*2-3M*HU»*2)/a.OO 
OT=  (b**2*H-3H**2*Hii)/8.00 
AKIT*B«H-BH*H8 
iKi«aa/» 

XR2-IIII/H 
X  A  =  XK  1 

I  P  (IK?.  E*.  IK1)  ix*ie2 
XC=  1. 00-AX* •« 

C  SHEAR  STF  ESSES  CUE  TO  TORSIOR 

TAUVT*1S.00' TC8/ (3. 19159*8*  *2*M*XC) 

7A>JCT=1<..00*TCR/(3.  191S9*U**2*D*XC) 

7  AUTT'T  AU  UT 

C  S H 2 A R  3TB  ESSES  DUE  TO  f LEXURAL  SHE1I 

TAUVV*«*0X/ (IIX*IB) 

TAUTT’O.CO 

TAUET'O.CO 

C  ROIlnAL  ST  P ESS  ES  DOE  TO  PLEXUBAL  ROBEit 

siohts-o. cs 

SISHTE*-S  B/SX 
sigh:ib*bh/si 

C  KO..BAL  ST  BESS  ES  DOE  TO  PB  EST2E5S 

siCBVP--siG.it 

sight  p*sic.i»p* (1.oo-ecc»*aret/si) 

SICHBP-SIGH??* (1.00.ECC»*1«EI/SI) 

C  CCHBIKED  STRESSES 

SIGPXT=SIC-Tn»SIGHT» 

TAUT»TA1TT*TAUTT 

P  APT  '  PSC!  T  (  (SIGP.IT/2.CC)  **2*TAUT**2) 

S’.'  XT' SIGH  XT/2. 00  »?.ADT 

sp.:RT'STcnxT/2.  cc-eadt 
sir.  pis*  sigh  T3*siGB»r 

TAUS=TACVT*TAUVV 

EAPS-oscf  T(  (s:r.Hxs/2.P0)  **2»taos**2) 
s*.\xs'Sir.rxs/2.CC»PAPS 
sMKS'Sir.ns/J.CO-aAos 
stc.hxp-.  s:c.riin*r.icppp 

TAUH'TA  IHT'TAUUT 

FJPB'CSvSTI  (SIC.P. XD/2.C0)  **2*TACB**2) 

Sr  \  x  a  *  Mi.r.x  a/2. 00  •  P  add 
SHIS! 'SIGH X  P/2. CC-H ADD 
COE ED *180.0 P/3. 1U 1SJ 

T  HO  El’ -CAT  AS  ( I A  o  a/  (-s:r.HXD/2.  OC)  )  *COFPD/2.00 
Til  OF  S  *0  AT  AS  (T  A 'JS/  (-SICP.XS/2. 00)  )  *COEPD/2.00 
TSPFT*  0 AT  AN  [TAUT/  (-SIGP.  XT/2 . 00)  )  *COEPO/2.00 
RETUa» 

EI9 


■ 


' 


252 


luhs*outi*e  cfufck 

c 

C  THIS  SUPAOnTlUE  SOLVES  FO  R  STBEJSFS  OF  THE  CONCRETE  ELEREVTS 
C  WHICH  k*T.  SUJKTEO  TO  CORPSE  » r»  I  0  K  USING  MOGNESTAD'S  STRESS* SIR AX  9 

C  CURVE  AND  CALCULATES  TOTAL  CORPRESSIVE  FORCE 
C 

IMPLICIT  REAL*R(A-H.O-X) 

C 

COR  ROB  AP, A  ST. D#FE,PSU,?SU,ES#E:iTIR#nPSCE,EP5SE#£  PS  5A#  EPSSO,B»S, 

2  EH,  HH,XL,  FC,XrtOD&,EPSCU,  ICON,  ECCK,  A,  X  INC,T,C,  E3,  I XS I, DELTA, 

3UST1,  DS72,CS7)f  nS74,T.,SXCHA,TANb,PPULT,FYSTI» 

4,  UFROL1  ,  L  Hr. Cl>2,  D/KOLl,  03,  *r  1,Tv.*,IC&.  H  ET  A  ,  7 II  £  7  A  .  TW  .  TF, 

ScPSCGR, kPSTEN, FCOH, F7EN, I NCOR , X K7EN ,7C0R , TIE  * , A 1 , A?, A),  A« 

6, ?CF, BR, V,SRA  XS,SRlNS,SRAXT,SnlK7#SRAX&#SflI*3,XlI#XIf  ,SX,$I  ,QX,QI 

7,  aFAEl,ALFAE2,7HPFli,THPBS,TKrRT 

8,  AG,  IS,  APk.A,TC,  X,r,LKPTH,  AX  I  ALL,  KSUHC,  X  V  A  B  F  A  ,  Tr.O  0  ,  ET  I  ELD,  ESI, 
9EULT,  FXFLD,  FULT,1SH,PHI  r  AC  ,  EE  LEr. ,  TOT  A  LF  ,T GT  A  LP, 

1  TG7XtV,lA:;,r3,SIIflF  ,S'JRF FOURTH.  COUNT,  PH I, PEP, ABCCOH, rCElt* 

2,  HCCfl,  ECORP,FCORP,  ACCRP,ELFOPC,FCCC,XXSlbT,FCEL 

3, THETBF  ,7  HETS  R,  Til  EXT  8 
C 

CCr.r.OH  >, R,KODE„NELEnS,  XSTEEL,V1DEEP,  B ECO HP 
C 

Din?.  MSI  OK  A  P  (  1  C )  ,  D  {  1  G  )  ,  F  E  (  1  0  )  ,FSU  (  1 0 )  , TS U  (  1 0 )  , ES  (  10 )  , 

1  EPSCE  (10) , EPSS2  (10),EPSSA(10) , SPSSU  (10)  , DS ( 10)  , FPU LX (TO) 

2, AS  (20)  ,  Y  S  ( 20 ) ,  A  <4  EA  (5C  0 )  ,  YC  (500)  , X  (SCO) ,  Y  (SCO)  ,  EELER (SOC) ,ZAS  (20) # 

3  FCEL  (S00)  ,kS  (20)  ,  PCELER  (500)  ,A3CCOr.  (S00)  ,ELFGRC(500) 

C 

C  HEIGHT  OF  THE  ELEHEV? 

HELErt»!l/K  FLEES 

c  KUHP.rP.  OF  THE  WHOLE  ELEREVTS  THAT  ABE  IV  COn?BESSIOI 

A*  1 . 000 1*  A 
k ECO. IP* A/HELEB 
A-A/1.G0C 1 

C  HEIGHT  OF  THE  PORTION  OF  THE  ELERENT  WHICH  IS  SCBJECTED  TO  CORPS* 

C  AMD  IS  HOUNDED  DY  NEUTRAL  AXIS 

KCOP* A-NECOnr ♦  II E  L  E  R 

C  DISTANCES  F?r.fi  N •  A.  TO  CEK72GIDS  OF  CORPBESSIOV  ELEREVTS 

IF  (SFCCFP.LT. 1) GO  70  111 
do  ISO  i*i,wtconP 

100  FC*:L(I)  *!iCOH*HrLEfl*  (2. 00*1-1. 00)/2.00 
C  STPAINS  AT  THE  CEkTBOIDS  OF  THE  ELEREVTS 

DO  110  I*l,NECOnP 
110  EELER (I) -FCEL (I) *?MI 
in  continue 

C  STRAIN  AT  THE  TOP  OF  THE  POBTIOV  OF  ELEREVT  60UVDED  Bt  V.  A* 

ECCF.?*PHI*HCCB 
C  ELERENT  STRESSES 

FCPF-C. 85  *?C 

EC- 1 8 0QCC 0.00*500.00 *FC?P 
EO-  2.  0 0  •  F C P P/ EC 
EU*0 • 0030 

IF(BECOflP.LT.  1)  CO  TO  121 
DO  120  I*  1 ,  V ECO  R  P 

IP(2*LER  (I) .CZ.O.OO.AVD.EELEfl  (I) . LT. EO) CO  TO  130 
IF  (FELER  (I)  .GE.  EO.AND.  EELErt  (I)  .L7.E0)  CO  TO  UO 
IF  (FILER (I)  .GE. EU) CO  TO  150 

130  FCF.LE.1  (I)  “  (2.CC*2ELE0  (D/EO-  (EELER  (I)/EO)  **2)  •FCPP 

co  to  ire 

140  FCELFR  (l)  TCrr-0.  1  5  *f CPP/  (EU-EO)  •  (EELER  (I)  -EO) 

CO  TO  120 

150  FCELff  (I) -FCPP-0. 15*FCPP 

120  CONTINUE 

C  STRESS  IF  THE  TOPTICN  OF  THE  ELESEV?  VEIT  TO  V.  A* 

121  IF(rCOrP.GE.O.CC.AND.ECOHP.LT.EO)CO  TO  155 
I P < ECO-P. CE. FO. AND. ECOHP.LT. EO) GO  TO  156 

I F ( FCOH P. GE • F U) GO  TO  157 

155  FCOrr*  (2.  C0*ECOr.r/FO-  (ECORP/EO)  **2)  •FCPP 
GO  TO  1CH 

156  rccrr=Fcr?-o. i5*rc?r/ (eo-eo) • (ecorp-eo) 

CO  TO  150 

157  FCorr-FCPP-O. 15*FCPP 

158  CONTINUE 

C  AREAS  Of  THE  TLERENTS  WHICH  ARE  IV  CORPBESSIOV  COUMTIVG  FR08  V.A. 

C  UrwASCS 

IT  (KIVr.RP.LT.  1)  CO  TO  181 
DO  ItO  I  -  1 ,  N EC0 1 P 
IX”NLLERS*I-FECCRP 
16  0  ASCCOR  (I)  • AFF A  (IX) /DSIN (BETA) 

C  FLERENT  CCRPnrr.SJVE  FORCES 

DO  170  1*1, VI  COR? 

17C  ELFCRC  (I)  =  AECCCR  (I) * FCELER (I) 

C  TOTAL  CCF PPESSIVE  FORCE 

FJTCT'C.CC 
DO  1  bC  I-l.NECOFP 

180  FCTOT " FCT OT ♦ L LFOFC (I) 

181  IF  (NFCOR? .LT.  1)  FCTCT-0.00 

C  AREA  OF  THE  PCPTION  OF  THE  ELEREVT  VEXT  TO  !•  A. 

XXX  *N  Eirr.S-KTCCRP 

ACOR  T  =  A  FLA  (IXX)  *HC0R/HELE.VDSI<  (BETA) 

C  AT?  FOSCF.  IN  THE  P0RT70V  OF  THE  ELEflERT  VEXT  TO  V.  A. 

rccc-  Acc?ir*PccrP/2.co 

C  TOTAL  Ft  FCE  IN  THE  CORTBESSION  ZONE  (POOVDS) 

C*FCTOT*FCCC 

C  TOTAL  rCS C2  TV  THE  CORPBESSIOV  ZONE  (VIPS) 

C-C/1000. CO 
R  STUB V 

EXO 


. 


uouu 


SHOPOtJTISE  HOIOIT 


TMii  sulpoutine  solves  top  ultiuxtc  capacities  taking  uto  • 

ACCGUN7  TCPSICRAL  CCHPONERT  OR  THE  INCLINED  PLANE 

2  nPLIOIT  BEAL*B  (A-H,0-2) 

C 

coiroa  ap, tr.T,n# KF#K^u#T,:!i# r:;# ;:*:tii., ipsck, rp-.r.r, kpssa, erssu,#,*, 
2oh,  iui#  x  l,  ic .  i  n  on ,  Epr.cu  ,  rcoa ,  fccn,  a  ,  xi  ni:,t,c,  f.k,  ms  i  #  delta, 

3D  ST  1  ,  C  3  T2 ,D37l,DsT4,S,:.  If;nA,TA$*’li,  FPU  I.T,  PI ST  I R 

4,  0  P  r  0  D 1 ,  D  E  *•  0  D  2  ,  DF.TOD3,DS,  IK  1  ,TC,  X  C  R ,  1'.  ETA, THETA, TMrTf, 

St? -.con,  Epsrsa.  pco.n.  ms,  x  scon,  x  kt  t a, icon  ,tter  ,  a  1 ,  x2,  Al,  A* 

6, TC?#  hn,  V,S.1A  IS,!»RlWS#Sr.AXT#5fJlM#SRAIU#5ailiB#lXX#XXI#SI#S»#0I#Qf 

7, ALPAE*,ALPAE2,711?f>9,?HPRS,7K?BT 

8,  AS,  Y  J,  AH  FA,TC,X,Y,J>L?TH,AXXALL,  FCUCC,  X N ARE A , YHOD, £ Y XELD,  ESM# 
9F‘:LT,  FYTLD,  I'JLT,  YJH,?iiIFAC,  EE  Lin,  TOT  ALP,  TOT  ALP, 

1  70  TALK, IAS,  P  S, S  L’ n  ;',SUttFP, Coni'll,  CC'J  NT, Pii  I, DEI*,  A3CC0.N,  FCELElt 
2,  HCCM,  ECCnP,  FCClIF,  ACCflP,  ELF08C,  FCCC, XKSI9T,  EC  EL 
3,7HE7fcR,TlJI7SA,7HETTB 

c 

conroa  a, n, rode, belehs, mstecl,madeep,necob? 

c 

dmemsion  ap(1C) ,  d  (  io  ) , f e  < 1C) , fsu  ( io ) ,ts o  ( 1 0) , es ( 1C) , 

3  EPCCF  (10) , TPSSE  (10)  ,  F.PSf,  A  (10)  ,  EPSCli  (10)  ,  DC  (10)  ,F?ULT  (10) 

2,  AS  (20)  ,  I S  ( 2C  )  .AREA  (SOS )  ,  YC  (SCO)  ,  X  (SCO)  ,  Y  (SCO)  ,  EtLLn  (500)  ,  EAS  (20)  , 
3  rCLL  (SOC)  ,  FS  (20)  #  PCELEn  (S00)  ,AI'CCOfl  (500)  ,EL.VCCC  (500) 

PEAL  r  I:  P.7  AC  ,  K  IiETA  P,  r.BETAH  ,  fl  DE7A  V  ,  HLETAT 
1C  PO?.*AT  (///,SI,  •  FIRST  fiODE  -  UL7IHAT  E  CAPACITY, STRAINS  AND  EQOXLX1 
2PIU.1  CHICK*) 

20  POP n AT ( r#  X  ,  * • 

. . . 

C  CHECK  P CP  TUBE  BENDING  CASE 

IF (PKSI .LT.0.G05)THETA»1# S 70 595 
IP (  f  F  s  I .LT.O.CCS) CC  TO  21 
TMLTA  »7*irTi»t 

21  CONTINUE 

TI{rTAC-THPTA*1ft0.00/J.1»15f 
WRITE  (*.,  1C) 

VM7E  (*.,20) 

WRITE  (A, 30)  TH27A ,7H£TAD 

3C  P'PP.AT  (e.x,  •  INCLINATION  OP  INITIAL  CB ACK:  THETA  (BAD.  )  »♦,**•*/ 

2  3  3  X  ,  •  TilETA  (DEC.)  ••,?&•**//) 

ITI PS  A* 0 

C  ASSUME  CO  F.PRESSIOf  STB  A  IK  IN  BETA  PLAME  ASD  ITS  XfCBZaENT 

ZPSCAS-Ci.  GOA 
E?SIKC*0.CC02 
AO  E?SCAS«I?SCAS-E?SIMC 

C  ASSHflE  DEPTH  CF  REOTRAt  AXIS  AND  ITS  INC2EHENT 
a:sc*h/nele.is 

C  ITERATION  FOB  POSITION  OP  NEUTRAL  AXIS  STARTS 

a-0 

A-Aiac 
50  a*a»airC 

C  FIND  IKCLIR17ICN  CF  COUPBESSIO*  ZONE,  BETA 

7  AS  BIT’?/  (P-2.0* (H-A) ) *D7AB (THETA) 

BET  A  *  DATA  * (TASPET) 

C  CALCULATE  CDPfATUIE 

HELI.T^H/NEirrS 
PHILIPS CAS/ (A-HELEH/2.00) 

C  PBC STRESSISG  STEEL  STRAINS 

oo  eo  i*i, n 

6  C  EPSSA  (I) *  ( (H-A)  -0 (I)  ) •PHI •DSI* (BETA) 

C  TOTAL  STRAINS  1*  STEEL  IR  LONGITUDINAL  DIRECTION 

DO  7 C  i-i, n 

7C  TPS 50  (l)  -  E?r.sr  (!)  -ErsCE  (I)  ♦EPSSA  (I) 
c  calculate  sir  esses  and  forces  la  prestressirg  stbaxds  FEOf!  STIESS- 
C  strain  ciacpahs 

I  P  (M.IDE.  FO.  1)  CALL  S7M02 
IP (KOOI.ro. 2) CALL  STB308 
IF  (KPDE.FO. 3)  CALL  STTAAD 
IP(KOCE.FC.  «)  CALL  STFAEP. 

C  TENSILE  FORCE  OP  PPE3T3ESSIHG  STEEL  II  ORIGINAL  DIB ECTIOf 
TS *  C . CO 
CO  VO  2*1,1! 

9C  T5«TS*T<U (I) 

C  TOTAL  TENSILE  FORCE  IS  PRESTRESSING  STEEL  PER?.  TO  BETA  PLANE 

T3*  T3*Dr.TK  (PF.TA) 

C  TENSILE  FORCE  I R  CONCRETE 

rrjca -xnorp/rco* 
xcR*Erscfc/rni 
X  P ( XC  R .  G7  .  (II- A)  )  XCR-tl-A 
TC*  Xrorr*XCF/2. CC*P/DSIN ( BETA) /! 000. CO 
C  CONTSIL’UTLOS  OF  TRASSYESSE  STEEL  (STIHRUPS  -  BOBIZOITAL  LECS  OILY) 

rrjTr  r*  r:»i*  (wn-n) 

ErSPOT«?Hl»  (PST2-A) 

C  STRAIN  IN  TH"  DIRECTION  OP  TRANS YEBSE  STEEL 

EPSTOT*  ErSTCP*CCOS (PETA) 

EPS  F<1T*  rrSU07*DC0S  (BETA) 

C  STRESSES  IN  THE  DIRECTIO!  OF  TRAN SYEBSE  STEEL 

PTOP*  EPSTCr*ESTIB 
fp.'T-  rrr*roT*r:;Ti» 

C  CHECK  a HIT HER  STRESSES  EXCEED  FT 

1  P(FT«T.CT.  PY5TI?)  FTOP*PTSTIR 
IP (FTCP.LT. (-FYSTIF) ) FTO?*-FTSTII 
IP (FBOT.GT. FT  ST  IP) FPOT-PrSTIB 
C  rOFCES  IS  STIPPUPS 

T70  T*  FTOP  *A  ST 
TOOT-  POT* AST 

c  KO.  or  STIRRUPS  INTEHCEPTED  BY  BETA  AND  THETA  PLANE 

A3-OST3 
A4*f-CST4 

X  N 0  OT *  (E-A3-A«*)/0TAI  (TRETAJ/S 
I  STOP* (3- A3- A  4) /PTAN  (PETA) /S 
C  TOTAL  FORCE  IN  STISBUPS  (OOTTOH  AND  TOP) 

7TOr*TTO?*XKTOP 
TBOT-TUOT* A  SPOT 

C  RECLICT  CONTB2BUTIOI  OF  STIBICPS  If  COHPIESSION 

TTOr-0.00 

C  TOTAL  FOPCE  IN  STIBBUPS  PEBP.  TO  BETA  PLANE 


' 


ono  n  n  n  n  on  o  no  on  on  on  on  non  n  onoon  n  no  non  non  on 


TSTI  A*  (HOT  ♦TflOT)  •  DCOS(flETA) 

TOTAL  TENSILE  FORCE  IN  I-SECTJON  PEPP,  TO  BETA  PL  AH  E  (KIPS) 
T*TS*7C ♦TSTIR 

CGtPSFSSIVE  FORCE  XU  CONCRETE  (KIPS) 

call  cfopce 

EPKOS  IN  EUJI  Cf  HORIZONTAL  fORCES  (IN  PERCENT ACES) 


EA*7-C 

lill«p?a  or  2 T  FR  ATIOMS 
*•»•  1 

MELET*H/N?.L£TS 
rr  (N.CT. 3C0) FETURW 

1  ?  (DAPS  (Mt)  .  LE.  1.5,0)  CO  TO  110 
IF(EP.r.T.0.00)(;O  10  50 
A»A-AINC 

AIKC* AIKC/10.00 
CO  TO  SO 
110  C0NT iNtlf 

BETA  lOETA*  IRC.  00/3. 141*9 

TOPSIOS  TO  BENDING  RATIO  ON  the  INCLINED  (BETA)  PLANK 
XKJlaT-(XFSI*LIAH(liETA)  “1.00)/(XK5I*OTAR  (BETA)  ) 

CALCULATE  B  ESDI  KG  HOPEST  OR  TUB  INCLINED  (BETA)  PLANE 
B0H?UTS  ARE  TAT  EH  ABOUT  ■.  A. 

COSCR  IT  E  COP.TRESSIO*  ZONE  CONTRIBUTION 
nBETAC*0. SO 

2  f ( K ECGPP . LT. 1)  CO  TO  121 
SO  120  I*1,NECCHP 

120  H0E?AC*RHETAC*FCEL  (I)  •ELFORC  (I) 

121  IP { HEC01P.LT. 1) nBETAC=0.00 

H  BET  AC*  HLF7  A  T»FCCC*2 . 00/3 .  0  0 • flCOS 
f*.  H  F.  T  A  C r  TLLTAC/1000.00 
HE  ST  RESTING  STEEL  CONTRIBUTION 
H£f.TAP*C.  CO 
DO  130  1*1,11 

1  30  P  BET  A  P3  rt  I:  *!T  A  P  ♦T.TU  (  I )  •  DS I  N  (B E T A)  ♦  (H-A-D  (I)) 

COl.CRETE  TENSION  ZONE  CONTRIBUTION 
CP.O.iTExTC*2.0  0/3.CC*ICR 
NEGLECT  CONTRIBUTION  OT  TENSION  ZONE 
CBGPTE*0.C0 

STIRRUP  CONTRIBUTION  -  HORIZONTAL  LBCS 
HBETA  H»  (TTO  P*DABS  (A-DST1 )  *T  BGT*  DABS  (1-DST2)  ) 

SIIRE'JP  COKTRIB'J? ION  -  VERTICAL  LEGS 
N'JHBEH  OF  STIRRUPS  INTERCEPTED 
XNVEET-(D572-A) /DTAN  (THETA) /S 
AV2BACE  STRAIN  IN  VEBTICA  L  STIRRUPS 
EPS  AW*  PH  I*  (DST2-A) /2.00*DCOS  (BETA) 

AVERAGE  STRESS  IB  VER7ICAL  LECS 
SVERT»EPSAV V*ESTII 
IF  (SVEST. GT.FTSTIR) STEEWYSTII 
TOTAL  FCPCE  IS  VF3TICAL  STIRRUPS 
FVEFT*SV2nT*AST*XNVrRT 

FLEX’JPAL  AND  TOFSITNAL  flOHENT  ON  BETA  PLANE  DUE  TO  VERT.  STIRRUP* 
X»OHV*FVEfiT«  (5-A3-A4) 
r.  c ET  A  V  =  X CF  V  •  DCO S  <  P ET A) 
tbet;  v*xr.rr.v*DSiN  (BETA) 

TOTAL  RESTING  FOREST  OX  XSCLIBED  PLANE 
aBET  AT~  TBE7  AC*PB  LT  AT^PDET  AHOBETA  V^CflOHTI 
TOTAL  TORQUE  ON  INCLINED  PLAI E 
T?FTAT=  (XKSIDT)  •PRETAT 

TOPO’JE  TAKEN  PY  CO-PRESSION  ZONE  AND  DOWEL  rORCES  IN  ftOTTOB  LAYER 

OF  LONGITUDINAL  STEEL 

TOr.TAC-TrrTAT-TI»FTAV 

TO n CUE  TAKEN  BT  COr.PONENTS  OF  LONGITUDINAL  STEEL  AND  DOWEL  PORCEJ 
TLONG-0.C0 

do  U5  :  *  i ,  a 

135  TLTSG*T10NG*TSU  (I)  •  (D  (I)  -  D(1)  )  *DCOS  (BETA) 

SHF  AH  POKCE  (NIPS)  IN  COaTKESSION  ZONE 

V  BET  AC* (1  BETA T *7 L CSC) / (H - D ( 1 ) - A/2 . OC ) 

CHECK  FOR  THE  CASE  CF  HOLLOW  X-SECTIOX  (S.A.  BELOW  PLANCE  DEPTH) 
TV1 2=TW/2.C0 

IF  (BM.f.T.  1.C0.  ANT.Tr.  LT.  A)  VPETAC*  (TD  ET  AT  ♦TLO  N  C)  /  ( H- D  ( 1)  “Tf/2.00) 

V  PET  AC- TABS ( VCETAC) 

SHEAS  STK  ESSES  IN  COnPREGSIOI  Z01E  (RSI) 

TAUC*  VDFTAC/  (A*B/D'*»IH  (BETA)  ) 

CHECK  FOR  THE  CASE  CK  HOLLOW  X-5ECT20N  (N . A.  BELOW  FLA  NCI  DEPTH) 
IF  (P1I.CT.  1.00.  ANT.TF.  LT.  A)  TAUC*  VD  ETA  C/  (T  MB/ DS  IN  (BETA)  ♦ 

2 (A-TF)  •TW/DSIX (BETA) ) 

SHEAR  STRESS  IN  CCHPRESSION  ZONE  (PSI) 

TA'JC*TAUC*1  COC.  00 

corns:?  capacities  at  ultipate 

TO *.UE* a  BET  AT/ (TCOS  (BETA)  ♦DSI*(BE7A)/XKSI) 
p-.VV  TONQUE/XUSI 
S  HE  AR  eBT.C  a/DFHC  Dl 
ITEPKA- JTIRNAO 
IP (I7EPSA.GT. 65) RETURB 

srtciri  ED  constants: 

POISSON  *5  RATIO 
PR-0. 16 

c  aODULUS  OF  ELASTICITY  AS  PER  A.C.Z.  CODE 

E  La  CD*  <>70  CO .00*osgai  (FC) 

C  SHEAR  aCDULUS 

C- FI  TOP/ (2. 00* (1.0C«P8) ) 

C  SHEA?  STRAIN 

G  AT AXT *TAUC/G 

C  axxiaua  conrPESSivr  strain 

cpscrB*C.003S 

C  PAXinua  TENSILE  STRAIN 

rrsTPF«o. occis 

C  SPECIFIED  ERROR  IR  STRAIR  INTERACTION  EQUATION  (TENSILE  STRAIN) 

SPECEF*0.00C01 
IF  (KLCPHr.LT.  1) CO  TO  IBS 
COEFEL*EELEH(WECOHP)/2.00 


. 


uu  u  ou  ou  0*0000  o  o  ooo  ooo  o  oo 


Its  If  (urCCif.LT.  1JC0U  EL-ECOllP/2.0© 
cr,TfZk*Ckr\xr/2 .00 
raleps-llght  (cc  •  ri  l**2*coefca**2) 
cpjc*coeriL*r>AUEi>s 

EPST^DAbC  (COEf  El-RACEPS) 

ZPSCE^EICCPP*  ( 1.0C-  (EPST/CPSTP1)  •♦21 
ERNA-FPSCtO-EPSC 

ir(LAOS  (F?NA)  . LT. SPCCSR) GO  TO  132 
IK (*Pna.L7.G.CC)G0  TO  40 
I?5C13-IPSCAj*£PS:sC 
EPGINC^U'SINC/IO.OO 
CO  TO  %0 

132  continue 

CALCULATE  PRINCIPAL  STRESSES 
Co-IPUSC!  VE  STRESS 

fcpt*  o.  bwc 

EC*  1  <i  090C  0. 03 ♦ 500. 00*PCPP 
E0»2.CC*FCPP/FC 
EH-C.C03a 

2^-p^:  :'C*rE#0“C^  .  AND.  EPSC.  LT.  EO)  STRESC*  (2 .  CO •  EPSC/EO*  (EPSC/EO)  »*2)  • 

If  (ii-SC.CT.  E'J)  STRECC*rCPP-C.  1S*FCP?/  (EO-EO)  •  (EPSC-IOl 
TENSILE  STRESS 
FT1*2.00/ESC:(T  (3. 00 DO)  *10001 

I? (EPST.OR.C.CO. AND. EPST. LT. 0.000 1} ST1EST-FT1/0.0001HSPST 
IP (EPST.GE.O.GOOl j STWEST'PTI 

WRITE  I  MCLI  KATZOK  OP  C0.1  P6  E  SS  ION  TONE  U.8.T.  LONCITUDINAL  AXIS 
WRITE  (6,200)  BETA,  P  £  T  A 1 

WRITE  INCREASE  IN  STRAINS  IS  PBEST2ESSINC  STEEL  BETWEEN  INITIAL 
AN 0  ULTIMATE  LOAD 
WRITE  (0,210) 

WRIT  f.  (0.220)  ( I ,  P.PSSA  (I)  ,1-1, H) 

WRITE  ULTIMATE  STRAIN  IK  P8ESTBESSINC  STEEL 
WAITE  (6, 2  3C ) 

WRITE  (t  ,  2  20  »  (I,£PSSU  (I)  ,1-1, K) 

W3ITS  NO.  Or  ITERATIONS  REQUIRED  (Cl  S  VATU  22) 

WRIT*  (6,2*0)  K 

WuITE  TMP  C f PTH  CP  COrpRESSIVE  BLOCK  (I. A.  LOCATION) 

W  31  XL  (6,253)  A 

writ;  cukvature 

WRITE  (6,260) PHI 
WRITE  STRESSES  IK  STEEL 
WRITE  ((.,270) 

WRITE  (6,220)  (I,fSU  (I)  ,1*1,1!) 

WRITE  P0RCE5  IV  PBESTRESSIBC  STEEL 
WRITE  (6,260) 

white  (6, 220)  (I,TSO(I)  ,1*1,1?) 

WRITE  STRAINS  IN  TRANSVERSE  STEEL 
WHITE  (6, 290) 

WHITE  (6.3CC-)  EPSTOf , EPSBOT 
WRITE  STRESSES  IN  TRANSVERSE  STEEL 
WHITE (6,310) PTOP, f bCT 
WHITE  NO.  Cr  STIRRUPS  INTERCEPTED 
WHITE  (6,320) XWTOP.XkBOT 

WRITE  EC’JinRILlUfl  CHECK  (TOTAL  TENSILE  AND  CORPRESSITE  FORCE) 

WHITE  (6,330) 

WRITE  (6,3»C)T 
VPITE  (6,350) C 
WHITE (f ,35C) ER 

WRITE  7CE5ICN  TO  BENDING  RATIO  ON  THE  INCLINED  (BETA)  PLANE 
SHITE  (6,361 ) XXSIST 

WHITE  SUP. PER  CP  THE  ELEHEKTS  IN  CORPBESSIOK 
WHITE  (6,370) NECCR P 

WHITE  STRAINS  IK  THE  CENTROIDS  OP  THE  COHPBESSXON  ELEflENTS 
IF  (N' errr.LT. 1) CO  TO  399 
WRITE  (6,  » HO) 

WHITE  (6,220)  (I, EELER  (I) ,I*1,NEC0RP) 

WRITE  DISTANCES  rSOT.  N .  A .  TO  CENTROIDS  OP  THE  COHPPESSION  ELUENTS 
WRITE  (t.  ,  ISO) 

N TITS  (6,220)  (I,rCEL(I)  ,I*1,KEC0flP) 

399  CONTINUE 

WRITE  HEIGHT  OF  TUS  PCBTION  OP  THE  ELEMENT  IN  COflPBESSlON  BOONDED 
CT  N.  A. 

WRITE  (6 , LOO) neon 

C  WRITE  STRAIN  AT  THE  TOP  Of  THE  PORTION  OF  ELEflENT  BOUNDED  BE  !•  A* 

WRITE  (6,  4  10)  FCOnP 
C  WRITE  EirrEKT  STRESSES 

IP (N KCOnr. LT.  1) CO  TO  W 2  1 
WHITE  (6,«20) 

WHITE  (r.,22C)  (I,  rCELEfl  (I)  , I-1,BPC0HP) 

421  CONTINUE 

C  WRITE  STRESS  IK  TflE  PORTION  OP  THE  ELEHENT  OOUNDED  BT  N.  A. 

WRITE  *C  )  KCCnP 

C  WHITE  A  *  5  AS  OP  THE  CO.NPRESSION  ELEREITS 
If  (NECCnr.LT.  1)  CO  TO  441 
WHTTf  (r»  ,  «  4C  ) 

WRITE  (6,2  20)  (I,ABCCOn(X) ,X"1,BEC0SP) 

•  4  1  CONTINUE 

c  vf;::  ahei  cp  the  portion  op  the  cor.pazsszoa  ele a.  boonded  bt  n.a. 

WHITE  (6,«SG)  ACOnr 

WRITE  (6,471) INVERT, EPS ATT ,Sf BIT 

WHITE  (6,*  00) 

WHITE  (6,490) HB FT AC 
WHTTF  (6,491)CnOOTE 
URI  IE  {<»  ,500)  niilTAP 
WRITE  (6,510) n  BET AH 
WHITE  (b ,520) BBETAT 
WPITF  (6,5  30) r  PfTAT 
WRITE  (6,5  40 )TTt?A7 
WRITE  (6,550)  TL'ETAf 
WRITE  (6 , 5  60 ) T  SET  AC 
WRITE  (6,57C) VBETAC 
WRITE  (t»,5P0)  TAUC 
IP (WPCOrP.LT. 1) CO  TO  4*2 
WRITE  (6,5  90) rCELCB  (NECOHP) 

462  CONTINUE 

WRITE  (6,591) ITERKA 
WHITE  (6,592) SIRES! 

WRITE  (6.595) EPST 


. 


SKIT*  C#..  593)  STFESC 

write  (fe.sif,)  epsc 

NPITF (6,57C|  EI-NA 

wpi t:  (p.f.ooircpout, tros.sitEAB 

“PITS  (6,610) 

20C  rOP.'AT  U/.i  I,  •  I  NCLINATTOS  OF  COHPR  ESS  ION  ZGP E: • , SX • 8 ETA  (» AD)  ■,,f» 

2. /* 2i. ■  seta  (lit.) 

213  F0PHA7  (SI ,  •  IPCPEAS  t  IP  STRAIP  IP  STEEL  BETWEEN  I  PIT:  A  L  APS  ULTIHAT 
2 l  lcae:*,/) 

22C  FC  RHAT(B(5I, I*, *I,ri2. 6, 10X,H, 91, FV2. 6,/)  ) 

230  roRHAT (51,* ULTIHATE  STRAIN  IN  STEEL  (IP  PERCEPT)  :*,/) 

2lC  ro.iriT (Si,* p'ihpes  or  iterations  aion.  for  curvature  •  •,!*///) 

250  FOR  HAT (51 , *  NEUTRAL  AXIS  LOCATION  (IP  INCHES.  PROP  THE  T0P),l»», 
2M0. './//) 

200  f'-,RrAT(Sr, 'CURVATURE  (P  A  D  J  A  H  S/I  P)  ,  PEI  •  •  ,  PI  0 . 7 ,///) 

20  C  rOMAT  ('.!,•  STRESSES  IP  PPESTRIsSIPG  ST  UAP  OS  AT  ULT1HATE  (RSI)  :*/) 
29C  ECPHAT (5i , • FOPCES  IP  PRESTSESSJBG  STRANDS  AT  U  IT  I  HAT  E  (K I  PS)  :*) 

290  EORHAT  ( 1  P  1  ,//,5l,  'STRAINS  APB  STRESSES  IP  HORIZONTAL  LECS  OF  STIRB 
2 ‘IP'S  AT  IJETI-ATE  :  •/) 

300  ro?r AT (51 , • STRAIP  II  TOP  LEO  * • , FI 0. o ,/SI , • STR AI p  IP  B0TT08  LEO 

2  ••  ,F  10.  (..//) 

310  FOP PAT (51 , ' STRESS  IP  TOP  LEG  »• , F 10 . 2 ,/SI , • STRESS  IP  OOTTOH  LEG 
2  , F 10.2,//) 

320  FOSP.AT  (',*,'  PO.  or  STIRRUPS  I PTERCFPTEO  :',/5X'AT  THE  TOP 
2F5. 2./5X. • AT  THE  20TTCH  ••,F5.2,//) 

310  FOR -AT  (SI  ,'  EOUIl  I0PIUH  CHECK:') 

3pC  FOTP-AT(SI,'7FKSTLE  FORCE  (RIPS),  T  •'.F10.5) 

150  FO?n  at  (Si ,  •  cohppessive  pnpcr.  (ptps),  c  »',ri3.S,/) 

360  EORHAT  (51 ,'  FItiiOR  IP  PERCEPT  AG  E  (T-C)/T'1C0  *  •  ,  F 1 0. 1,  ///) 

361  PO»r. AT  (51  ,'  TOBSTOH  TO  REPSING  RATIO  ON  THE  INCLINES  (SETA)  PLANE  , 

2  KSIHEIA  , F1C. 5,///) 

300  rOI  PAT  (51  ,  •  SUP.PE?  nr  THE  ELEMENTS  IP  CORPPESOIOP  *',16,///) 

3R  0  EOT. "AT  (51 ,  'STRAINS  IN  THE  CEPTROICS  OP  CCH.rS  ESSION  ELE.NENTS  :',/) 
100  HORN  AT (//, Si, ' DISTANCES  FPOR  N.A.  TO  CENTROIDS  OF  THE  COHPRESSIOP 
2ELSECSTS  :',/) 

fcCC'FOi1  NAT  ( //  ,SX,  'HEIGHT  OF  THE  PORTION  OF  ELE.SEPT  IP  CO.NPRESSIOP 
220 UNDID  BI  P.  A.  (INCHES)  »',r8.5.///) 

*10  POSHAT (SI ,' 5TPAI N  AT  THE  TOP  Or  THE  PORTION  OF  ELEnEPT  BOURSES  BE 
2N.A.  ,F12.6 ,///) 

*20  FORRAT (1U1.//.5X, 'CONPRESSION  ELEHEHT  STRESSES  : • ,/) 

4  3  C  FOPP.AT  (//,  51,  ''TRESS  AT  THE  TOP  OE  TOSTIOP  or  THE  COHPRESSIOP  ELER 
2H.NT  BOUNDED  bV  N.  A.  (P  S  I  )=',F12.5 ,///) 

9*0  FOR.  HAT  (51  ,  •  AEEAS  CE  THE  ELE.HES'TS  IP  COHPBESSI0N  :',/) 

*50  POPrAT  (//,5X. 'AREA  OE  THE  PORTION  OE  COHPRESSIOP  ELEREST  SOUNDED  B 

or  ii.  a.  (so.  ihs.)  ,ri2.5,///) 

*71  EORHAT (  LI, 'PURLER  OE  STIRRUPS  (VERT.  LEGS  OP  OPE  SIDE:)  IPTERCE 
2PTE0: ', F10. 5/SX. • AVERAGE  STRAIP  IN  VERTICAL  LEGS  OF  STIRRUPS 

3  :', P10. 5/5X, • AVERAGE  STRESS  I*  VERTICAL  LEGS  OF  STIRRUPS 

*  : 1 , FI  0. 5///) 

«3C  EORHAT (51 , *  SEP D IP C  HOHEPTS  (IN. KIPS.)  OP  INCLINED  (BETA)  PLAN*  J"/ 
2) 

*90  TOO  HAT (51,' DUE  TO  CONCRETE  COHPRESSIOP  ZONE  :',P10.*) 

*91  POE  HAT  (51,'  TENSION  ZONE  :',F10.») 

50C  PORHAT(5l,'  PRESTRESSING  STEEL  :',F10.*) 

510  F0RB1T(5I,'  STIRBBPS  (HORIZONTAL  LEGS)  :',F10.«) 

520  rOR.*AT(5I,'  STIRRUPS  (VERTICAL  LECS)  :',F10.*/) 

530  EORHAT (SI, 'TOTAL  PENDING  HOHENT  ON  PET  A  PLANE  :',F10.»//) 

5*0  EORHAT (NX , 'TOTAL  TORTUS  (IP. NIPS)  ON  ClTA  TLANE  :',F10.*//) 

55C  rO'EATI'-I  .'TOSCUE  TAKEN  BE  STIRRUPS  (V-PT.  LEGS)  :'.F10.*//) 

560  EORHAT(5X,'TOFCUE  TAKEN  Dt  CONCR.  COHPR.  ZONE  AND  DOWELS  :',F10.»/ 

:/) 

570  ?ORHAT(5X, 'SHEAR  FORCE  (KIPS)  IP  COHPR.  ZONE  :',F10.»//) 

5SC  FOREST (51,* SHEAR  STRESS  (PSI)  IP  CCEPR.  ZONE  :',F10.*//) 

59C  EORHAT  (51  ,'  NORHAL  SI.RESS  (PSI)  IP  COHPRESSIOP  ZONE  :',?10.«//) 

5*1  EORHAT (51, • PUHREP  cr  ITERATIONS  FOR  N.A.  POSITIO  : • , 13//) 

592  EORHAT  (51  , '  H A X I H U N  (TENSILE)  PRINCIPAL  STRESS  (PSI)  ON  BETA  PUP* 

2  I'.rio.i//) 

593  FOR  HAT  (51,'  HI  PI  HUS  (COnPRESSIVE)  PnlHCIPAL  STRESS  (PSI)  OP  DZTB  PI 
2AVH  : • , E10. 2//) 

5«H  FOR- AT  (NX ,'  ERROR  IK  STRESS  INTERACTION  ECUATION  :',E10.6//) 

595  EORHAT  (51 ,'  HA  Ilr.un  (TENSILE)  PRINCIPAL  STRAIP  (1P/IN)  OP  SETA  PL  KB 
2E  :  •  ,  FI  2.  P//) 

596  FOKNAT(5l,'HIPIEan  (CON.PSESSIVZ)  PalHdPAL  STRAIN  (IP/IP)  op  beta 
2FLANE  :',F12.8//) 

603  EORHAT (/5X, 'COHSIPED  CAPACITIES  AT  UL*IHATZ  (IP. KIPS  AND  KITS):', 
2//5S,  •TC'ESICN  :  •,  E8.2/5I,  'DEPDINC  :  •  ,  F  8 . 2./5X,  •  SMEAB  :',F8.2//) 
810  rOSrAT(lHI) 

A  STUB I 
END 


noon 


suuhoctxx r  noiuLT 

THIS  SU  Bf>  OUT  I  X  E  SOI  V  ES  FOP  ULTIMATE  CAPACITIES  TAKING  I»TO 
ACCOUNT  TORSIONAL  COMPONENT  ON  TUP  INCLINED  PLANE 

IHPLICIT  PEAfA(l-|*,0-Z> 

C 

co.rroK  a i* ,  ast.d,  rr.  psu.tsu,  es,fs7Ih,  epsce, fpsse,  kpssa, lpssu , 8, «, 

2?.H,  h»l  ,  XL.  »  C,  X  ."XUR,  1  PS  CD  ,  ECO*,  ICCN,  A,  X  1*<C,T,C,  £P,  X  K:;  I  ,  DELTA  ,. 

3DS71,IS72,D:»T3,DS7J,S,5IGr.A,7A!»B,FC,liLT,FTS7IR 

*»,  Dr  NO Dl  ,  OF •. CD 2  ,  CF  MC  D3 ,  L'J  ,  X  K  1 ,  7C#  XCP ,  BETA, THETA, TW, TP, 

St  PS  CGI! .  *PS7LK,FC0I1,  F7CU,  X  NCC  n  ,  X N T Z N ,  TCOn  ,  7T E II ,  A 1 ,  A2, A)r At 

6,  TC  B ,  UN  ,  Y  ,  SfU  X5 ,  r. I  NS  , r  A  XT ,  S  nl  N7,  Sfl  A X II,  S.*I K D ,  XI  X  ,  XI T ,  SX.  ST  ,QX,QI 

7,  ALPA  T.\  ,  ALf  AF./.THPP’l.TlirKS.TUPKT 

8#AS,XS,AI  LA/TC#  I^X.DCrTII,  AX  I  A  LL#  PSUHC.XNAnFA.Y.nOD.ETIELD^SM, 

9  £DLT ,  F  Y  LL D,  FULT ,  YS!!,  I'ltlFAC,  Zl  LEM  ,70T  ALT  ,  707ALP, 

1  TOTALS  , FAS,  FS,SU.NF, SUM FP, SUM FN, COUNT,  PHI, DE?,ARCCOH,FCELM 
2,  HCC »  ,  PCOflP ,  >‘COj*P ,  ACOHP  #  ELPOPC,FCCC,XKSIOT,FCEL 
3,7ilrlLP,T!iLTSP,TUIITA 

C 

COP  no N  N,fl, NODE, NELEHS, KSTEEL, N ADEEP, NECOnP 
C 

DIMENSION  A? (10) , D  (1C) ,  Ft  (10)  , PSD  (10) ,TSU(10) , ES (10)  , 

^  FPSCE  (10)  ,  E?SSE(1C)  .  F.PSSA  (10)  ,Ff*SSU  (1C)  ,DS(10)  ,FPULT(10) 

2,AS  (2C)  ,Y5(2C) , AREA  (SCO) , VC (SCO) , X (SOC ) , X (5CG) , CELEfl (SOC) ,  EAS (20)  , 
3  fC£L  (SOC)  ,rz  (20)  .FCtLEfl  (500)  ,APCCOr.  (SOO)  ,ELFOaC(S0G) 

c 

PEAL  RSFTAC,  M3 ETA?,  M  0  E7  All,  M  BETA  T,  RLETAT 
WRITE  (0,1  C) 

1C  FORMAT  (///,  SZ, 'SECOND  NODE  -  ULTIMATE  CAP ACI7Y,  STRAI NS  AND  EQUILXB 
2PIJP  CHECK* ) 

WHITE  (0,20) 

2C  r OS  EAT (SX,* 

. . //) 

C  CHECK  f OP  PURE  RENDING  CASK 

I r(XKS I. LT.O.OCS) THETA*). SC 6t31 
IP  (  X  P.:;r  .  LT.  0.  005)  RETURN 
*  ?  I1L1  A  *7  HST5N 

21  CONTINUE 

T. ;IFT  A  C-THTT  A*  160.00/3,  1t1S9 
WRITS  (6. 2G) THETA, 7HETAD 

30  FORMAT  (5X, • INCLINATION  Of  INITIAL  CRACK :  THETA (RAD.)  **,F 8.%/ 

2  33X, '  THETA (DEC. )  ■•.Fd.t//) 

C  ASSUME  DEPTH  CP  NEUTBAL  AXIS  AX D  ITS  IKCREMEKT 

AISC- F/NELEJlS 
ITERN  A*0 

C  ITERATION  rOB  POSITION  07  NEUTRAL  AXIS  STARTS 

A*B 

A«0. 3*8 
AO  A  *  A- AISC 

C  CHECK  THAT  DEPTH  Of  N •  A.  IS  KOT  EQUAL  ZERO 
IP  (A.LT.0.01)  CO  TC  180 

C  FTK3  INCLINATION  OF  COH  ?2  ESSIOB  ZONE,  BETA 

TAN  6E7*H/ (H»2.0* (S-A) ) ♦DTAI (I META) 

B2TA-DATAS (TAN8ET) 

C  ASSUME  CURVATURE  AND  ITS  INCREMENT 

rKi*c.cooc 

CHC0.3001 

C  ,  ITERATION  f 0 8  CUBfATUBE  STARTS 

N  *  0 

50  PHI * P HI ♦CISC 

C  PRESTRESSING  STEEL  STRAINS 

DO  CO  1*1, n 

6  0  E PS S A  (I)*  (DS (I) -A) •THIRDS IN (DETA) 

C  TOTAL  STRAINS  IN  STEEL  IN  LONGITUDINAL  DIRECTION 

TO  70  1*1,3 

7C  EPSf.n  (!)  *  5PSSE  (I)  -EP5CE  (I)  *rPSSA  (I) 

C  CALCULATE  STRESSES  AND  FOPCES  IN  PRESTRESSINC  STRANDS  FROfl  STIESS- 

C  STRAIN  DIAGRAMS 

rr  (Ki'pr.ro*  i)  call  striok 

If  (RODE.  EC.  2)  CALL  STB 30S 
IP  (NODF.Fy.  1) CALL  S7KAA0 
If  (F.OPE.FC.  “)  CALL  S7RAEH 

C  TENSILE  FORCE  OF  PFEST6E3SINC  STEEL  IN  ORICINAL  DIRECTION 

TS'C.OO 
C<1  *0  1*1,  M 
90  TS*7S*TSU  (T) 

C  TOTAL  TENSILE  FORCE  IN  PRESTRESSINC  STEEL  PERP.  TO  BETA  FLAPS 

7S*7S*DSTK(PETA) 

C  TENSILE  FORCE  IN  COBCBSTK 
E?SC?  -  X ".OOP /ECO  I 
ICR  c  S  PSCP/PHI 
IP(XCR.r.T.  (R-A) )  XCS-B-A 

TC*  X.-CDP*XCS/2.0C*H/DSrS  (BETA) /10 00. CO 
C  COST' XPUTIOS  rr  TRANSVERSE  STEEL  (STIRRUPS  -  VERTICAL  LEGS  OILT) 
s?sccs*r!::»  (?bT2-A) 

ErST7.N*ri!l*  (DST3-A) 

C  STRAIN  IN  THE  DIRECTION  OF  TRANSVERSE  STEEL 

z/scor.  -  tr:;cca*DCcs  (beta) 

EPJ7EN*irSTFS*DCOS  (3FTA) 

C  STRESSES  IN  THE  DIRECTION  OF  TRANSVERSE  STEEL 

rcon»EPsccN*fSTiR 
FTEN*  E?STEN*ESTIR 

C  CHECK  WHETHER  STRESSES  EXCEED  TT 

If  (Fcrn.i-T.  ft  ST  IP)  rcor«ftsriB 
IF  (FCCN. LT.  (-ETSTIR) ) FC01*-riSTX» 

IT  (F7FK.C.7.  FTSTIR)  fT£N*FTSTII 
C  rOKCES  IN  STIFF'JPS 

TCO.r*Frr..n*AST 
TTENC  P?EN*AST 

C  no.  OP  STIRRUPS  INTERCEPTED  BI  BETA  AND  TMETA  PLANS 

AIOSTI 
A  2* H- DST2 
A3-DSI3 

AC*P-CSTt 

XNCOR*  (II-A1-A2)  /DTAN  (CETAJ/S 
XNTtN* (K-A1-A2) /DTAN (THETA) /S 
C  TOTAL  PCFCE  IN  STIBBUPS  (BOTTOM  AND  TOP) 

TCON-TCOr.  *XNCOM 
T?EN-ITEN*INTEN 


. 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 


c 


c 

c 

c 

c 

c 

c 

c 

c 

c 


c 

c 

c 

c 

c 


c 

c 


c 

c 

c 

c 


c 

c 

c 

c 

c 


SELECT  CONTR  13’JTION  Of  STiaBUPS  X*  CORPIESSIOI 
TCCH-C.OC 

TOTAL  f Or  CE  IN  STIRRUPS  PERP.  TO  BETA  PLANE 
TSTIA*  (TC0.1*TTE)i)  •DCOS(BETA) 

TOTAL  TENSILE  POFCE  X V  I-SZCTIOS  PERP.  TO  BETA  PLANE  (EIPS) 
T*IS*7C*TSTIB 

CCF.PRESSI  V£  fCACE  IK  CONCkETl  (KIPS) 

CALL  CfORCE 

ERROB  II  SOU  Of  HOBIZONTAL  fOBCES  (II  PEBCENTACES) 

EB-T-C 

BUNDER  Of  ITERATIONS 


l»«*1 

If  (N. G2.SOC)CO  TO  100 
CO  TO  1C2 

100  W2I?K(&#101)N 

If  (I. CE. SCO) PETUBN 

101  rOPr AT (SX#» SPECIFIED  MUfIBEA  Of  ITEBATIONS  fOB  COBTATOBE  WAS  EXCEED 
2ED  N*  • , 16////) 

CO  TO  11G 

102  CONTINUE 

If  (TARS  (2?)  .LE.O.CS)CO  TO  110 
I P ( F? . GT. 0. CO) CO  TO  SO 

p  .:«-pur-ciic 

CIKC-CI^C/IO.O 
CO  TO  SO 
110  COBTINOE 

3ETAlMETA*10C.OO/3.  K15$ 

TORSION  TO  BENDING  BATIO  OK  THE  INCLINED  (BETA)  PLANE 
*  XKSIbT* DTA*  (BETA) 

CALCULATE  DFNiilNO  r.OHFNT  ON  THE  INCLINED  (BETA)  PLUS 
NOrENTS  ARE  TAKE!  ABOUT  I.  1. 

CONCRETE  COfnEESSIO*  ZONE  COITBIBOTIOI 
HEETAC^O. 00 

If (NECOHP.LT. 1) CO  TO  121 
CO  120  1*1,  NECC.HP 

120  H  BFT  AC*  HI:  E7  AC  •  FCEL  (I)  •ELfOBC  (T) 

121  If  (NECOHP.LT.  1)  HCETAC*C.OO 

H  HET  AC*  H  BET  AC ♦FCCC#2.CG/3 •  00*  NCOS 
HSET AC=HBETAC/1000.C0 
PKLS7RES5IVG  STEEL  C0NT8I80TICI 
HBET  AP  =  0. 00 
DO  130  1*1, n 

130  flDE7AP*r.BETA?*TSU  (I)  *D5IN  (DETA)  •  (DS(X)-A) 

CONCRETE  TENSION  TONE  COITflIBUIIOI 
CflOP.T2*TC*2.0  0/3.0C*XCB 

N  E0L2CT  CGHTBIEUTIOV  Of  TEISIOI  IOIS 
Cr.OHTE-0.  00 

STIRRUP  CONTFinUTION  -  TERTICAL  LEGS 
r  RET  A  V*  (TOOH • PA  DS ( A-DS73)  ♦TTF.K-DA9S  (A-DSTN) ) 

STIRRUP  CCNTSI PUT  10X  -  HORIZONTAL  LECS 
SDHDSS  or  STIRRUPS  INTERCEPTED 
x:;:-:cr*  (Cstu-a) /dtas  (theta) /s 

AVERAGE  STRAIN  IN  HORIZONTAL  LEGS 
E ?S  A  V  il=  PH  I  *  (DSTi*-A)/2.00*CCOS  (BETA) 

AYEFAGE  STRESS  IS  HORIZONTAL  LECS 

SH0F*EPSAV!|*E5?IB 

If  (SHCP.C.T.  FT5TI?)  SllOR*fTSTI* 

TOTAL  FORCE  IN  HORIZONTAL  STIRBUPS 
FH;'  R  *  SMCF  *A  S  T  •  X  NitOP 

FLEXURAL  AND  TCP?  luNAL  HOHEIT  OS  DETA  PLAKE  DUE  TO  HOB.  STX8BUPS 

X  Hv'r.i  -fliCR*  (H-A  1-A2) 

H  PET  A  H*  IHOfl  It*  PCOS  (OCT  A) 

THETA  !!*XrOHH*CSlN  (PET  A) 

TOTAL  PENDING  HOH7NT  CS  INCLINED  PUNE 
rprTA7*r:  ftac*hdftap*hpetaii*  h  bet  a  ?  ♦chohtc 

TOTAL  T 0 1  CUE  CS  INCLINED  PLAKE 
7377X7*  (XKSIl'T)  df.tat 

TOFCHf  TAKEN  i»T  COH l R ESS ION  ZONE  AND  DOWEL  FORCES  IV  BOTTOfl  LAIEB 

OF  LONiillUOINAL  STEtL 
?rrTAC-Tr  FIAT -T BETA H 

TOKO'-1  ■  TAKES  lif  COMPONENTS  Of  LONCITUDINAL  STEEL  AND  DOWEL  FOBCES 

TLONO-C.CO 

TO  13  5  1*1.  f. 

135  TLONG»TLOKG*TSn  (I) •  (DS (1) -03 (I)  ) *DCOS (BETA) 

SHEAR  FORCE  (KITS)  IN  COHPRESSICN  ZONE 
VDeTAC* (TPETAT*TLONC)/(DS (1) -A/2. CO) 

CHECK  FOR  THI*  CAGE  OF  HOLLOW  X-SECTIO*  (N.A.  BELOW  FLANGE  DEPTH) 

Tw 1 2*  TW/2. OC 

If  ( ;o!.CT.  1. 00.  ATJD.7W12.  LT.  A)  VCETAC*  (TPETAT*TLONC)  /(DS  (1)  -TV  12/2.0) 

sin  a:*  sTi-rssFS  in  compression  zone  (ksi) 

TAUC*  VP  LTAC/ ( A*  H/CSIN (BETA) ) 

CHECK  FOR  THE  CASE  Of  HOLLOW  X-SECTTON  (N.A.  BELOW  fLANCE  DEPTH) 

If (PH.OT.  1. CO. AND. TV  12. LT. A) TAUC*  VDTTAC/ (TW12*H/DSIN (BETA)  ♦ 

2  ( A- T  W 1 2 ) *  TF* 2 • 0 0/C3I V (BETA) ) 

SHEAR  STRESS  IN  COMPRESSION  ZOVE  (PSI) 

TAtiC*7A"C*1C)C.03 

CCH3ISED  CAPACITIES  AT  OLTIHATE 

TOP  CUE*  HP  FT  AT/ (DCOS (PET  A)  * ( 1 . 00 ♦ 1 .00/0 ELTA-A/ (8* DELTA) ) ) 

DH0r=70?3UE/X*Sl 

shear  *pror/Df PCD1 

I7EFNA»I7ERNA*1 

IF  CTEZNA.GT.5C0)  WRITE  (6.  131) 

IF  (IirKNA.wT. 5C0)  CO  TO  132 

131  rear. AT  (5X  ,•  NUHUEP  Cf  SPECIFIED  ITEBATIOBS  (fOB  V.  A. )  EXCEEDED*) 
SPECIFIED  CONSTANTS: 

POISSOK'S  BATIO 
rp*c. 16 

HOD ULUS  Of  fLASTICITT  AS  PER  A.C.X.  CODE 
ELf. OD»5TCOO.OO*DSORT  (fC) 

SHEAR  HODULOS 
C*ELHCD/(2.00* (1.00*?B) ) 


- 


nn  n  non  non  o  n  noon  n  on  n  n  on 
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C  SHEAR  STRAIl 

CAM AXT«TAUC/C 

C  «AU«ur.  tf.npatisxfr  strain 

EP:.CPP-'0.C3  1R 

C  TAXI r.’jn  TENSILE  STfAlN 

EPGTPP‘0. C0016 

=  ;L=*iIrs  i«teb*ctio«  equatio*  itcisiu  stiai«» 

->?r.C«.r-0.  Cu  C  .  0  2 
If  (!  ECC.r?.LT.  1)  CO  TC  165 
COiF  £  L*  EE  LES ( SiCCSf ) /2. 00 
185  If (NECCrP.lT. 1) COEFEL*ECOR?/2.00 
CCZfr.A-CAPAll/2.00 
?ADEPS=DS?R7 (C0EF2L**2*C0ErC A ♦•2) 

EPSC-COE?  EL*?  A CEPS 
E?S7*CAfiS (CGZFEL-RADEPS) 

E P:.T£C OS vP?  (LIST PF**2/EPSCP3* DADS  ( EPSCP1-EPSC)  1 
£3HA* JPSTEQ-TPST 

I?  (HAI'S  (ESN  A)  .LI.  SPICER)  CO  TO  132 
If (LBNA.CT.0.00) CO  TO  40 
180  A "A  *  A  I KC 

A I N  C*  AI NC/10*  00 
CO  TO  40 
132  CONTINUE 

CALCULATE  FflXKCXPAL  ST BESSES 
COlPBFJSTVf  STRESS 

fc;»p*c.  H5*rc 

jc»  iacoGco.OG*sco.co*rcpr 

EO»2.G0*PCPP/IC 
FU^G. QC  38 

If (EPSC.CE.0.00. AND.EPSC.  LT.EO)  ST*  ESC-  (2. CO* EPSC/EO-  (EPSC/EO)  **2)  • 
2f  C?P 

If  (EPSC.GE.  ED. AMO.EPSC.lt. EO) STB  ESC* PC PP-0 • 1 5*fCPP/ (EU-IO) • (EPSC* 

TENSILE  STRESS 
rn  «•  2.0 C/o.;y;jT  ( 1.00 DC)  *xhodr 

*  If  (EPS7.GE.C.CG.AN5.  tPST.  LT.  0.000  1)  S7FEST-m/0.0001*EPST 
I  7  (  M- ST .  r,  f  .  0  .  C  C  0  1 J  STS F.ST*  FT  1 

WRITE  INCLINATION  Of  CGHPPKSSIGS  ZONE  W.R.T.  LONGITUDINAL  AXIS 
WRITE  (6.2GG)  I)  FT  A,  DE7A 1 

WRITE  INCREASE  IN  STRAINS  IN  PBEST8ESSIKC  STEEL  BETWEEN  INITIAL 
AND  ULTIfATE  LOAO 
WRITE  (6,2  10) 

WRITE  (6,2  20)  (I,EPSSA  (I)  ,1-1,11) 

WRITE  ULTIMATE  STSAlK  IN  PRESIfiESSI NC  STEEL 
WRITS  (6,220) 

WRITE  (6,220)  (I,E?SS0(I)  ,1*1, H) 

W3IT2  NO.  OF  ITERATIONS  SZQU28 ED  (CU8YA7UBE) 

WRITE  (6,240) N 

WHITE  TH.E  DEPTH  CF  CCflPSESSI YE  BLOCK  (I. A.  LOCATION) 

WHITE  (0,250) A 
WRITE  CURVATURE 
WRITE  (6,200) PHI 
WRITE  STRESSES  IN  STEEL 
WRITE  (6,270) 

W8ITE  (6, 220)  ( I, f S3  (I) , 1*1 , H) 

WRITS  FORCES  IN  TSESTSESSINC  STEEL 
WRITE  (6,290) 

WHITS  (6,220)  (I,TS0(I) ,1*1,11) 

WRITS  STFAISS  IK  TPAKSVER3E  STEEL 
WRITE  (6,2°D) 

W R I T F  (6,300)  rrsCO»,F.PSTEN 
WRITE  STS  ESSES  IB  TPANSVCRSE  STEEL 
W  RUE  (6,310)  FCOM,  FTEN 
WRITE  NO.  Of  STIRSUTS  INTEECEPTED 
W3ITp(f»,3  20)X  NCOr,XKTf  N 

WRITE  E*J'J  I ORI  LI  UK  CHECK  (TOTAL  TENSILE  AND  COHPBESSIYE  fOlCE) 

WRITE  (6,330) 

WRITE  (6,3«0)T 
WRITE  (6 ,350) C 
WRITS  (6 ,3  60) EB 

WRITE  TPFSIOK  TO  DFNDING  RATIO  ON  THE  INCLINED  (BETA)  PLANS 
WRITE  (6,  1M)  XKSTCT 

writs  mirrrii  or  the  elements  in  compression 
WRITE  (6,3  70)  NECOf.P 

WRITE  STRAINS  IN  THE  CENTROIDS  OF  THE  COMPRESSION  ELEHEITS 
I F ( K ECO MT . LT. 1) CO  TO  399 
WRITE  (6 , 3  PC  ) 

WRITE  (6.2  20)  (I, FFLE-  (I)  ,1-1 ,NSCOHP) 

WRITE  DISTANCES  FROM  *.A.  TO  CEN7F0IDS  OF  THE  COMPRESSION  ELEfl ENTS 
WRITE  (6 , 3°0) 

write  (6,::c)  (i,  rciL(i)  ,i-i, necohpj 
399  CONTINUE 

WRITE  HEIGHT  CT  T3£  TORTION  OF  THE  ELEHENT  IN  COCPRESSION  BOUNDED 
FT  N.  A . 

WHITE  (6, COO)  1ICOPI 

C  WRITE  STRAIN  AT  THE  TOP  OT  THE  PORTION  Or  ELEHENT  BOUNDED  BY  V.  1. 

WRITE  (6, c 10) LCCHP 
C  WRITE  EtrnENT  STRESSES 

I  r  (NECOMI*.  LT.  1)  CO  TO  «21 

WRITE  (6 , c  2C) 

WRITS  (6.220)  ( I , FC ELEN  (I) ,1-1, RECOUP) 

•  21  CONTINUE 

C  WRITE  STFrSS  IN  THE  TOBTION  OF  THE  ELEHENT  BOUNDED  BY  N.A. 

W»I7F (6 , c  3C)  rCOMP 

C  WRITE  ARIAS  OF  THE  COMPRESSION  ELEMENTS 

IF  (KECONr.LT.  1)  CO  TO  44  1 
WRITE  (6,640) 

WRITE  (6,2  20)  (I, APCCOH  (I) ,I-1,NECOHP) 

••1  CONTINUE 

C  WPITE  AREA  Of  THE  PORTION  OF  THE  COr.rBESSION  ELEH.  BOUNDED  BY  N.A, 
WRITE  (6, c 50) ACC HP 

C  WPITE  FPrCES  IN  THE  ELEH  ENTS  IS  COHPBESSION 

WRITE  (b, 471}  XN:tCP,EPSAYH,SHOI 
WRITE  (6,4  GO) 

WRITE  (6,490)  HDETAC 
WSITT  (0,491) CH0M7B 
WHITE  (6 , 50C ) MDITAP 
WRITE  (6,510) HLETAtt 
WRITE  (6,520) HDETAY 
WRITE  (6,530) HP  IT  AT 


. 

■ 

. 


vmtE  (t,' *0)Ti<rnT 
WRIT!  (E.SSCJTRETM 
•  pits  (t.MOi  tttnc 
VRlTt  (6,5b3|TAUC 
ir<KECQ:ir.LT.i)GO  to  *62 

“RITE  Cs.lvoj  fClLtr.  (NECOnP) 
*62  CONTINUE 


n--nr.  it)  i t f  F n a 

fpii 

“RITE  (6,595) STHtST 
“RITE  (6,59))  FPSC 
“?:te  (6,S96)stnesc 

VPITE  <6,'<i*|  EXNA 

“FI  TE  ((.,«. CC)TC?5UE,B!tr.S,SHEHI 

v?it::  (6,6io> 

2CC  FOP-17  (51 ,  '  INCLINATION  or  COnPiESSIOH  tGXElSSl'OETA  (RAD)  ■*,r6.2 

2./- :x,‘  niT»  <d*g)  *',n.2.//) 

21C  rO?'AT(5l, 'INCREASE  IX  STRAIN  IX  STEEL  BETWEEN  INITIAL  AND  ULTISAT 

2E  LC  A  D: • ,/) 

22c  rGSMAT(3<si,:*.«x,ri2.6,ioi,l*,«x,ri2.6,/|  ) 

2)0  roRPAT  (Si .• ULTIMATE  STRAIN  IX  STEEL  (IX  PERCENT)  :•,/) 

2*0  format  (Si ,■  Kiim.B  or  iterations  reoo.  poo  curvature  ••.!»//) 

2SC  POP.**  AT  (SI  ,  •  NEUTRAL  AXIS  LOCATION  (IX  INCHES.  MON  THE  SIDE). A**, 

orio.f.//) 

26C  form  at  i',x ,  'curvature  (radians/in) ,  phi**  ,rio.7,//i 

29  C  POP  P.  AT  (Si ,  •  STf  ESSES  IX  PR  ESTP  ESS  I  KG  STRANDS  AT  ULTIMATE  (XSI)  s  •/) 
28C  MRMAT  (SI  ,•  FORCES  IX  RRESTPEGSIsr.  STRANDS  AT  ULTIMATE  (XI  PS)  :•) 

290  rOEr.AT(1ll1,//,'A,*STPAIBS  AND  STRESSES  IX  VERTICAL  LEGS  0 1  STISI 
2UPS  AT  ULTIMATE  : •/) 

300  rCSPAT(Sl, 'STPAIX  IX  CO EPS.  LEG  * • . r)0 . 6 ,/Sl . • STS AI X  IX  TESSX.  LEG 

2  *•  .no.f.,//) 

310  ro?PA?(5i, 'stress  is  compb.  leg  ••,rl0.2,/Sx.'STarss  ix  texsx.  leg 

2  »• , f 10.2 ,//) 

320  FOR  MAT  (SI ,• HO.  or  STIRPUPS  INTERCEPTED  :'./SI'AT  THE  C.  SIDE**, 

2?5.  2,/SI, 'AT  THE  I.  SIDE** ,PS.2,//) 

3  1C  FORMAT  (51,'EOUILILIitUN  CHECK  :  * ) 

3«'  FORMAT  (SI  .  *  TENSILE  PORCE  (KIPS),  T  *',fl0.5) 

35  c  POPr  AT  ('.I  , 'CCrPRESSIVE  VOICE  (KIPS),  C  ■•.rlO.S,/) 

3  6C  POP  NAT (Si,* EPSON  IX  PERCENTAGE  (7-C)/T»100  •  •  ,  r  1  0. 5, ///) 

361  F  O  ?  *  A  T (SI ,  • TOPSIOX  TO  BENDING  EATIO  OX  THE  TSCLIXEP  (BETA)  PLAN*  , 
2  KSIuETA  *',110.5,///) 

370  rOI'NAI  (51,'SIHIlES  OP  THE  ELEMENTS  IX  CONPHESSIOX  *',IX,///) 

380  POPP.AT  (51  ,'STPAIXS  IN  THE  CEHTDOIDS  OP  COMPRESSION  ELEMENTS  :•,/) 
390  FOP, “AT  (//, 51,  •  DISTANCES  rROP.  N.A.  TC  CEN1P0ID5  Of  THE  COMPRESSIO* 
2ELE MEATS  :',/) 

NOG  FORMAT  (//, SI,  'HEIGHT  Or  THE  POETIOX  OP  ELEMENT  IX  COMPRESSIOB 
2BOUVDED  61  N.  A.(INCHZS)  *',r3.5,///) 

•  10  POE  MAT  (SI,*  STRAIN  AT  THE  TOP  Of  THE  POBTION  Or  ELEMENT  BOUNDED  81 

2x. A .  -• ,ri2.t,///) 

»2C  rOSN.AT  (  1111,//,  SI,  'CONPHESSIOX  ELENENT  STRESSES  S',/) 

*30  POa.».AT(//,5X,  'STSESS  AT  THE  TOP  Of  PORTION  OP  THE  COMPBESSIOI  ELM 
2ENT  SOUNDED  BI  B.  A.  (P  S  I  ) * • , T 1 2 . 5 ,///) 

«*C  rO?.HAT(5I,  'AREAS  CP  TEE  ELIKINTS  IS  COMPRESSION  :',/) 

*SC  rORr.AI  (//,5I, 'AREA  Of  THE  PORTION  Of  COMPRESSION  ELENENT  BOUNDED  * 
21  X.  A.  (SQ.  INS.)  **,ri2.5,///) 

*71  /OR  NAT  (  01, • MUMPER  Or  STIRRUPS  (HOP .  LEGS  ON  ONE  SIDE:)  IXTE8CI 

2PIED:', riO. 5/SI, 'AVERAGE  STRAIN  IN  HORIZON.  LEGS  Or  STIRRCPS 
J  no.  5/SI,  •  AVERAGE  STRESS  IX  HORIZON.  LEGS  Of  STIRRUPS 


08C 

1 

690 
69  1 

50  C 

51  C 
520 
5  30 

56  C 
**50 

57  C 
5*0 

59  0 
5*1 
5*2 

591 

5*« 

595 

596 

60  C 

610 


:  •,  FiO.  V//> 

ronr.xT  (5i, •  dfndihc.  nontuTS  (im.kips.)  on  *nclixed  (orrM  PLmc  :•/ 

F03P*?(5X,*DCE  TO  COSCFIT £  COnPSESSTO*  ZO*E  :»,F10.6) 

FC!»V.7(5Z,«  TEKS10M  20*3  :»,F1 0.6) 

roRr.A7(5X,»  PRESTPSSSIKG  ST3F.L 

FOPV\7(*X,«  STIRRUPS  (HORIZONTAL  LEGS)  :»,F10.6) 

FO?rAT(c'X,*  stirrups  (vertical  legs)  :»,fio.6/) 

FO’vT.AT  (  5  X  ,  ’TOTAL  PFSDl  NC  r.jr.EKT  ON  BETA  PLA  H  3  S*#P10.*//) 

FOT^AT  (^X  r*TOTAl  TCFC'JS  (IS.XXPS)  OK  D  FT  A  PLANE  :  *  .  K  1  0.*//) 
Fi'K*'AT(r-X  ,*TOFOUr  TAKEN  l»  T  STISRUTS  (  V  F.  R  T  •  LF.Gf.)  :  •  ,  F  1 0 . 6//) 

K  OF  *  AT  (**  X  ,  *  £11 1 A  F  FO  PC  E  (KIPS)  IN  COKI’R.  ZONE  :*#f1C.6//) 

FOP-AT  (51,’S^EAS  STFESS  (T5I)  IN  COP.PR.  ZOTE  0.*//) 

rosr  at  (r»x ,  •  noltj  al  STi*r:;:»  ( .V.  i  >  : «  cpp.i»he.g:;ion  zone  :*,p  10.*//) 

F  0  F  P  A  T  ( *»  X  »  ’  FM  P.  1*  F  R  OF  IT  EP  AT  IONS  FOH  N.A,  POSITIO  :*,I3//) 

FJ5SAT  FAXIMIS  (TENT, ILF)  PRINCIPAL  STRAIN  IN  THE  COZP8ESSIOF  X 

ION!  :  *  ,  F  1  2.  B//) 

F*'F  PAT(r*X,'  NI  NINON  (CON  PF  FSS I  Y  E)  PRINCIPAL  STRAIN  IN  TIIE  COP.PRESSI 
:OS  7.0 FE  :*,M2.8//) 

FOTP  AT  (  ,  '  FUFCIF  I  N  STRESS  INTERACTION  rOUATIOK  :',M2.B//) 

rCFP.AT  (5*  #*  KAXXSOa  (TLSSILE)  PRINCIPAL  STRESS  IN  THE  COOPRESSIO*  X 
rONE  :  * , FI  2. *//) 

rOSR  AT  (5x  ,  •  rl  X I.HIS  (CC.irRESSIV*)  PRINCIPAL  stress  IX  THE  COHPRESSI 
DON  ZOKr  :‘,fl2.»//) 

rGTAT  (/Si,  'COM  PINED  CAPACITIES  AT  ULTIXATE  (IS. KIPS  AND  KIPS):*, 
2//SI, 'TCSSICX  :',E8.2/SX, 'BENDING  : • , r8. 2,/5I , • SHEAR  J',r8.2//) 
FOR  PAT  (1H1) 

RPTURI 

MB 


- 


■ 


OOOU  %J  K>  u  o  o  u  ooouuoo  ou 
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S08POUIIH  BOSUlt 

.hts  cunj-O'irrsr  soi.Yrs  tor  uitiutr  c»i>4cjt!es  t»ki»c  i*to 
account  tcr:.:ohl  ccneoKtHi  o»  the  ikclined 


ikpucit  ?nu»a  (j-ii,o-z) 


Dn^',Zw,‘»fpi-=T'^^Fr'rsu'T3u't3'r='r,I>'Er3Cr-Fr3::z'c,’ss*'Epssu*»**» 

2Jlj(r  HH.Jl.,  rc,If°E?,  trscu,  ECOIt,  ECCR.A,  AJ  KC.T.C.EP,  IKSI.BELTl- 

3L.*T  1 ,  DS72  ,r;;i  3,DUT«,S,SIOAA,TANJ»,  WILT,  F  TSTIR 

4,  DF*GDl,PFrOD2,  DKf.OD3,0S,  XK1  ,TC,XCP,DLTA,7HETA,7W,?r. 

Sirs  CO.-.,  E  P  S  *  L  N  ,  F  CC  M.  ,  F  7  h  N  ,  X  NCOA  ,  X  M7  fcK  ,  TCOrt  ,  7TEM  ,  A  1  ,  A  2  ,  A  3  ,  t<* 

b.TCP,  nr..»  S.’UIS.SlIKS.s.-.Air.SRIRT.SI-.WD.SlilKD.III.m.SJ.SI.QI.QT 

7,  A ..  f  A  F.  1  ,ALPAE2,7!lPRt],TK?i<S,TltrWT 

8,  AS  ,  TS,  AP  FA  ,  TC,  X,  7 .DEPTH,  AX  I  ALL,  PiiUHC,  X  N A  ft  E  A ,  Y  AOD ,  ET ITUD,  ES*. 
$»JLT,  r  1 ;  l  D,  FULT,  TCH  ,  PHI  FAC,  EELK.1,  TOTALP.TCTA  tP. 

1  iota lh, fas ,  f  s,  sa  nr,  suipp.sur.FN.  count,  pni.PEp.Lkccon.rcfcLEa 

2,  HCCP, FC0M?,PC0n?,ACCH?,ELF02C.rCCC,XKSI8X.rCEL 

3, THETi;R,7HETSP,THSTTR 


COP  AON  N, A, RGDE,NELEflS,NSTZEL#NADEEP,N  ECO A? 


0IA2NSICH  AP(10),D(1C),PE(10)  , FSU  (1 0 ) , TS U ( 1 0 ) , ES ( 10)  , 

1  EPIC  E  ( 10 ) , EPSSE  ( 1 C)  ,  EPSSA  ( 1C)  ,E?SSU  ( 1G)  , DS ( 10)  , PPULT (10) 

2,AS(2j)  ,72(20)  ,APEA (SCC)  ,TC(SC0),X(500)  ,T(SGO),IELErt(SOO).EAS (20) - 
3  FC EL  (GOO) , PS  ( 2  C )  #fCELEA  (530) ,A2CCOn (SCO)  , EL?OSC(5C0) 


2EAL  Mi;t7AC,lBETAP,flDE?AH,n&E?AV,r.DCTAT 
1C  FC?r.AT  (///,  SX.  *TiiI2D  BOLE  -  ULTI flATZ  CAPACI7T,  STAAl  NS  AND  EOUILlB 
2  P  I U  A  CHECK*) 

20  FOP r AT  (Si ,  • 

. . . 

CHECK  POP  PURE  BENDING  CASE 
IP (XKSt.LT. 0.005)  Hi  ETA *1.570595 
IP  (xk:;i.lt. 0.005)  CO  TO  21 
•  TH£7A*7HE771 

21  CONTINUE 

THETA  D*7I' ETA*  180.00/3. 19159 
HR  ITS  (t.  10) 

WRITE  (C,?C) 

WBITE  (6,3  ))  THETA,  THETA 0 

30  r0hnA7(5X.* INCLINATION  OP  INITIAL  CRACK :  THETA  (RAD.)  «*.P8.%/ 

2  33X,*  T HETA (DEC. )  **,r 8.4//) 

IT2P K  A  =  0 

ACSU.-E  CO  MPPE5SION  STB A  IN  IN  BETA  PLANE  A  NO  ITS  I NCR EH ENT 

EPSCAS=0. 00  4 
£PSIKC*0*0002 
CO  TO  32 

31  EPSCAS-0.0002 
EP5INC*0. 00001 

32  CONTINUE 

40  £?SCAS*E?SCAS-EPSINC 

CHECK  THAT  ASSUMED  STRAIN  IS  NOT  ZERO 
If  (EPSCAS.C7.  (-0.0QC01)  .  IX D. EPSCAS , IT. 0 . GO 00 1 )  GO  TO  31 
ASSUME  DEPTH  Of  NEUTRAL  AXIS  AND  ITS  iNCiEfiENT 
A IN C*H/ SELF AS 

ITERATION  FOR  POSITION  OP  NEUTRAL  AXIS  STARTS 

s*o 

A  «  A  INC 

50  A *A* A  ISC 

FIND  INCLINATION  OP  COMPRESSION  ZONE.  BETA 
TANEET'B/  (3*2.0*  (H-A)) *DTAN (THETA) 

BETA-PATAS (TAXPET) 

CALCULATE  CURVATURE 
HELEN -D/K tLFHS 
nil  =EISCAS/  (A-l!ELEfl/2.00) 
rsrsTRF.ssisr.  steel  strains 

PCI  bO  I  *1  ,  A 

6  C  EPSSA  (I) *  (P  (I) -A) *rHI*DSIN (BETA) 

TOTAL  STRAINS  IN  STEEL  IN  LONGITUDINAL  DIRECTION 
DO  70  1*1,1 

7  0  EPSSU (!)  * EPSSE (I) -EPSCE(I) ♦EPSSA(I) 

CALCULATE  STRESSES  AND  FORCES  IN  PRESTRESSINC  STRANDS  PROB  ST1ESS- 
STSAIN  DIAGRAMS 
IF (MOCK.rO.  1)  CALL  5TP102 
IP (K OPE. EC* 2) CALL  STD?08 
I  P  (XOOt’.  I  0.  ?)  CALL  5TRAAD 
IF  (FOPE.EO.  **)  CALL  ST3AEH 

C  TENSILE  FOLCS  OF  rRESTPESSXNC  STEEL  IN  ORICINAL  DIRECTION 
T  S  -  C  .  C  0 
DO  90  lO.R 
90  TSvTS*TSU (I) 

C  TOTAL  TENSILE  FORCE  IN  PREST3ESSING  STEEL  PERP.  TO  BETA  PLANK 

TS  J  TS*  DS I N ( PSTA) 

C  TFNSILE  FCPCE  IN  CONCRETE 
EPSCH  r  X 10  DR/ECON 
XCR-LPSCR/PHI 
I r<  XCR.GT.  (H-A)  )  XCR»H-A 
TC=X''OPR*XCR/2.CO*P/DSI!C(BETA)/1000.00 
C  CONTRIBUTION  OF  TRANSVERSE  STEEL  (STISHUPS  -  HORIZONTAL  LEGS  OILT) 

rrspoT^rui*  (dsti-a) 

ErSTOP*PHl*  (DST2- A) 

C  STI’AIX  IN  THE  DIRECTION  OP  TRANSVERSE  STEEL 

EFSTOP*  EP  STOP*  TCOS  (BETA) 

EPS  POT *ErsnCT* DCCS  (DETA) 

C  STRESSES  IN  THE  DIRECTION  OP  TRANSVERSE  STEEL 

rTor*rps70p*ES7iR 
fB0T»EP3P0T*ESTIR 

C  CHECK  WHETHER  STRESSES  EXCEED  Ft 

IP (FTOP.CT. PTSTIR) FTOP>  riSTIR 
TP  l  FTOP.LT.  (- PI  ST IP) )  PTO ?•- PTSTIR 
IF  (FHOT.CT.  MSTIP)  F  DOT-  F  T  ST  I  B 
I  F  (  F  POT .  L  T.  (-FT  STIR))  PBOT  — FTSTI1 
C  FORCES  IN  STI SB  UPS 

TTOT- FTOT  * A  ST 
TBOT- FB07* AST 

c  KO.  OP  STIPRUTS  INTERCEPTED  BI  BETA  AND  THETA  PLANS 

A )• D5T3 
A  4  »  P- DST® 

XNTOP*  (0-A3-A«*)/DTAN  (THETA)  /J 


. 


- 


I*!iOT  *  (It- A) -AW)  /CTAN  (BF.TA)  /S 
C  TOTAL  AGfCE  IV  1»T  1 frLUPs  (LOTTO*  AND  TOT) 

TT'»P«TTf»r*lNTOP 
T30T«7B0T •XNbOT 

C  V  Fr.  L  2  CT  CONTW  IUUTION  Of  STIRRUPS  IV  COMPRESS  100 

T  P,o  t*0. 00 

C  TOTAL  FORCE  IV  37IB30PS  PERP.  TO  BETA  PLANE 

T  ST  I R  ■  (TT  CP*71JCT)  •DCGS  (BETA) 

C 

C  TOTAL  TENSILE  fOBCE  IM  X-SEC7I0W  PEPP.  TO  BETA  PLANE  (KIPS) 
T-7S*TC*TSTIB 
C 

c  coiraECsiYE  ropct  is  concbete  (kips) 

CALL  CfOBCE 

c 

C  ERHOB  IB  sun  Of  HOBIZONIAL  fOBCES  (IB  PE&CENTICtS) 

C 

EA-T-C 

C  NUrtBEB  Of  ITEB1TZCBS 

C 

B«N*1 

HELM-H/NELMS 

:r  (k.ct.ico) petunb 
IP  (DABS  (LB)  .LE. 0.05) GO  TO  110 
If (LR.ST.O.OC) CO  TO  SO 
A«A-AlNC 
A  INC* AI HC/10.00 
GO  TO  50 
110  CONTINUE 

BETA  1  =  BETA* I8C. 00/3. 14159 

C  TGRSICN  TO  LENDING  PATIO  ON  THE  INCLINED  (BETA)  PLANS 

XRSiaT*  (XKSI*L7AN  (BETA) ♦ 1 . 00 ) / ( IKSI-DT AN  (BETA)) 

C 

C  CALCULATE  BENDING  flOMEST  ON  THE  IBCLIIED  (BETA)  PLANS 
C  fO.NlNTS  ANE  TAKEN  ABOUT  I.  A* 

C  *  CONCRETE  COnPPESSIGN  ZONE  CONTSIBUTIOS 
BET  ACS9.  00 

I?  (NECO.TP.LT.  1)  CO  TO  121 
DO  120  I*  1#  .lECOfiP 

120  P  DrTAC*rCETAC*f CEL (I) •ELfOBC(l) 

121  If (KECOflP.LT. 1)BDETAC*0.0C 

f  BHT  A  C«-nB  IT  AC  ♦fCCC  *2.00/3.00  •BCOH  * 

n  3F  T  AC*  M;ET  AC/ 1 0C  0 • GO 
C  PRESTBESSING  STEEL  CONTBIBOTIO* 

r.  jftap-O.OO 
DO  130  1*1,1? 

130  RBZTAP*«DETA?*TSU  (I) *DSI N (BETA) • (D (I) -A) 

C  CONCRETE  TENSION  ZC  N  E  CONTRIBUTION 

Cfl0f!7EsTC *2 . 0G/3.C0  ♦XCB 
C  NEGLECT  CONTRIBUTION  Of  TEMSIOI  ZONE 

CrOP.TE-C.G0 

C  STIPRU?  COKTPIDL'TION  -  HORIZONTAL  LECS 

HOETAH-  (TTOT'DABS  (A-DS72)  ♦TBGT*DABS (A-DST1)) 

C  STIFPUr  CONTRIBUTION  -  VERTICAL  LEGS 

c  Ncnrr?  of  stippups  intepcepted 

INVERT*  (PST 2 -A)  /MAN  (THETA)  /S 
C  AVERAGE  STTKN  IN  VERTICAL  STIBBUPS 

rrs  Avvcr:;:*  <pst2-a)  /2.cc*dsin  (beta) 

C  A V r F  AGE  STRESS  IN  VERTICAL  LEGS 

SVFPT-rPSAYV*ESTIB 
If  (SYEFT.  GT.riSTI!*)  SYEKT*  FTSTII 
C  TOTAL  FORCE  IN  VFRTICAL  STIBBUTS 

r ?EFT  =  r. vrn*A si  •xnvfbt 

C  FLEX'.  FA t.  AND  TCPSIONAL  POTENT  ON  BETA  PLANE  DOE  TO  YEIT.  STIB8 OPS 
XnD.-Tr  fVFPT*  (E-A3-AC) 

n i* r t  a  v  =  x n r .i  v •  r i*cs  (itta) 

TB17AV* xnci V*nsiN  (BETA) 

C  TOTAL  PVMir.:  flC.-LNT  OS  INCLINED  PLANE 

.nnFTAT«nPET  AC*nPETA?^f.PETAR*  NBETAf^CflOffTB 
C  TOTAL  TCDCUE  CK  INCLINIO  PLANE 

TPETAT*  (U  r.IPT)  •PbETAT 

C  TORCH  TAKEN  ?  T  COMPRESSION  ZONE  AND  DON  EL  FOBCES  IN  D07T0B  LAXE* 

c  or  longitudinal  steel 

TBETAC*T31':AT-TUETAY 

C  TORCUf.  TAKES  nr  COMPONENTS  OF  LONCITODIN AL  STEEL  AND  DOWEL  FOBCES 

TLOSG*C .00 
DO  135  1^  1,  r. 

13  5  TLONG-TLONG^TSD  (I) •  (D(I) -D(1) ) *DCOS  (BETA) 

C  SHE  AH  FORCE  (F.IFS)  IN  COnTPESSION  ZONE 

VPETAC*  (T  I*  FT  AT  •TLOKG)/  (U“0  (1)  -A/2.0C) 

C  CHECK  FOP  THE  CASE  OP  HOLLOW  X-SECTION  (N.A.  BELOW  FLANGE  DEPTH) 

7Wi:*TV/2.0C 

IF(P«l.r.T.  1. CO.ASP.Tf.LT. A)  VBETAC-  (TBETAT*TLONG) / (H-D  (1)  -Tr/2.00) 

¥?ETAC*n.\PS  (YFETAC) 

C  5  M r  A  R  STRESSES  IN  COMPRESSION  ZONE  (KSI) 

TAUC*- \'  l TAC/  (A*D/CSIN  (BETA)  ) 

C  C.l,rCK  FOR  THE  CASE  OP  HOLLOW  X-SECTION  (N.  A.  BELOW  FLANGE  DEPTH) 

If  (r-H.GT.  l.CC.  A  HD.TF.LT.  A)  7AUC-VBETAC/  (Tf  *8/DSIN  (BETA)  ♦ 

2 (A-TF) •TW/DSIS (BETA) ) 

C  SMEAR  STRESS  IN  CONTBESSIOIt  ZONE  (PSX) 

TAHC*TAUC*1CCO.OO 

C  COMBINED  CAPACITIES  AT  ULTIMATE 

TOFOUE* ED  FT  AT/ (DCOS (PET  A) -DS IN ( BETA)  /XKSX) 
npoD*:os.':»r/xK5i 
SHEAF  *i»ncn/c K pool 
ITERSA*t7ERNAO 
IF  (ITTLNA.GT.b5) PETOBI 
C  SPECIFIED  CONSTANTS: 

c 

C  POISSON'S  BATIO 

PR»0.  1b 

c  MODULUS  cr  ELASTICITT  AS  PEI  A.C.X*  CODE 

ELNCD*570CG.0C*CSCPT(FC) 
c  SHEAR  MODULUS 

G«£ LNCD/ (2.00*  (1.00*PB) ) 

C  SHEAR  STRAIN 

CAT AXT-TAUC/O 

C  RAXIflUN  CONPRESSIVB  STRAIN 


. 
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rpr.cpp*  0.001* 

C  r.xxinun  TINSIl l  STRAIM 
PP7TPB*  3.4C01r* 

C  SPECIFIED  *RIOR  IM  STRAIM  INTERACTION  EQUATION  (TEMSILX  STKllN) 

spec*  p-c.ccor  2  C 
imkecoii  .lt.  i) r.o  to  ns 
COE ?£  L*-  ILLEH  (  M.CQJ1P)  /2. 00 
18  5  XMSrC'rP.LT.  lj  COEFEL-ECOHP/2.00 

cosfgaigahait/t.gg 
P  ADi  PS*  T  ( CO ri'EL**2*COErCA**2) 

EP3C»COEFEL*PADLI*S 
EPS7*GA  BS  (COEPEL-R1DEPS) 

KPccjo^ErLci ?• (i.oo-<£psT/rpsTri> **21 

EFN A* EPDCPQ-EPSC 

XP(CAB3(EPKA) .LT.SPECEP) CO  TO  122 
IF  (  r?NA.LT.O.CCj  CO  TO  40 
EPSCA  5* IPSCAS*  E  PS  ISC 
E?r.TSC*!?ElKC/l0.00 
CO  TO  u& 

132  COST  I NU  E 

CALCULATE  PRINCIPAL  STRESSES 
CCiTnESSIfS  STRESS 

rcpp^c.ewc 

EC*  I^OOSGC. GC*600.00*PCPP 
E 0 *  2 . 0 C •PCPP/IC 
EU«0.003d 

ip  (epsc.c-.e.o.og.and.epsc.  lt.ecj  stbesc-  (2.oo*e?sc/eo-  <epsc/eoj  ••j)  • 

2PCPP 

IP  (ZPSC.r.T.  EtJ)  SIR  ESC* PCPP-C •  15*PCPP/  (EU-EO)  •  (EPSC-EO) 

TENSILE  STRESS 
F71*2.00/DS0RT(3.00C0) *XHODB 

IP(E?3T.GE. O.CO. A KD.EPST.LT. 0.0001) S7REST-f71/0.0001*EPS? 
ZP(LPST.GE.O.OCOI) STPE5T*fT1 

W  l  T  E  ISCUKATICK  Of  COnPBESSION  ION  E  V.R.T.  LONGITUDINAL  AXIS 
SPITE  (6, 2  CO)  a  ETA,  OiTAI 

WRITE  I  PC PEASE  IK  STRAINS  IK  PR  ESTBESSIKC  STEEL  BETUEEK  INITIAL 
AMD  ULTIMATE  LOAO 
WRITE  (6,210) 

WRITP(6,?20)  (I,EPSSA (I)  , I»1,H) 

C  WRITE  ULTIMATE  SIR AIK  IK  P3 ESTBESSIKC  STEEL 

WRITE  (6,230) 

WRITE  (6,2  20)  (1,EPSSU  (I)  ,1-1, H) 

C  VIiITc  KO.  OP  ITERATIONS  REQUIRED  (CUBVATORE) 

w:< ITS  (6,260)  M 

C  WRITE  THE  DEPTH  CF  COHPB ESSI f B  BLOCK  (K.l.  LOCATXOM) 

WMTE  (6,250)  A 
C  WRITE  CURVATURE 

WRITE  (C. 2f 0) PHI 
C  WRITE  STP2SSES  IB  STEEL 

WRITE  (6,270) 

W?ITE  (6,220)  (I,fS0  (I) ,1-1, H) 

c  warn  popces  zk  prestbessikc  steel. 

WRITE  (6,2  JO) 

WRITE  (6,220)  (I,TSU(I)  ,1*1,8) 

C  WRITE  STRAINS  IK  TRANSVERSE  STEEL 

"WRITE  (6 , 2°G) 

WRITE  (6, 3 CO) EPSTCP, EP530? 

C  WRITE  STRESSES  IK  TRANSVERSE  STEEL 

WRITE  (6,310) PTC P, FOOT 
C  WRITE  NO.  OP  STIRRUPS  INTERCEPTED 

WRITE  (6,3  20) INTO?, XK30T 

C  WRITE  EQ3 IBRILIUn  CHECK  (TOTAL  TENSILE  A  KD  COHPBESSIWE  POBCE) 

WRITE  (6,330) 

WRITE  (6, 3 •?)  T 
WRITE  (6 , 3 SC  )  C 
wnTTP  (6,360) ER 

C  WRITE  TCP  SI CN  TO  BENDING  1ATIO  OK  THE  IKCLIKEO  (BETA)  FLAME 

vr:iTE  <r> , 3 «*  1 )  XKSIOT 

C  WRITE  NU-nSF  OF  T!iE  ELEMENTS  IK  COflPSESSION 

WRITE  (6,370) NECCMP 

C  WRITE  STRAINS  IN  THE  CENTROIDS  OP  THE  COfiPBESSlOf  ELEfl EKTJ 
IP (riCOpr.LT. 1) CO  TO  399 
WRITE  (6,3r»C) 

WRITE  (o,?;0)  ( I  ,  EELEH  (X)  ,I-1,NECOnP) 

399  CONTINUE 

C  WRITE  STRAIN  AT  THE  TOP  OP  THE  POBTIOH  OP  ELEHEKT  BOUNDED  BT  K.  A* 

WRITE  (6,4 1C)  ECO  H  P 
C  WRITE  ELEMENT  STRESSES 

IF  (WECO.ir.tT.  1)CO  TO  *21 
WRITE  (6,4  2C) 

WRITE  (6,2  20)  (I.PCELEn(I) , 1-1 , NZCOHP) 

•21  CONTINUE 

C  WRIT*  STRTSS  IK  THE  PORTION  OP  THE  ELEHEBT  BOUNDED  BT  M*  A. 

WRITE  (o,4  30) PC Cl P 

C  WRITE  AREAS  OF  THE  COMPRESSION  ELEHENTS 

I  f  (NEcor.r .  L7.  i)  co  to  4«i 

WRITE  (6,44C) 

VP  I  7EV.2  2C)  (I,  ARCCOH  (I)  ,  I- 1 ,  M  ECOIIP) 

••1  CONTINUE 

C  WRITE  A S FA  CF  THE  PORTION  Of  THE  COHPBESSION  ELEB.  BOOBDED  BI  N.A. 

WRITE  (6,450) ACCHP 
WRITE  (•',471)  XWVEFT,EPSAff,SVERT 
WRITS  (6,t  °C) 

WRITF  (o,4‘>0)  ll'FTAC 
WHITE  (b  ,  4  **1 )  CHOHTE 
WHITE  (b  ,  *•  CC  )  MUETAP 
WRITE  (6,510) MPFTAH 
WHITE  (6 , 5  20 ) NHSTAV 
WRITE  ( 6 , S  ? 0 ) HDETAT 
WPITE  (0,^40) THTTAT 
WRITE  (6,5S0) TPFTAf 
WRITE  (t- ,5b0)  TL’ETAC 
WRITE  ( b , 6 7 0 ) VnrTAC 
WPITE  (o,6?C) TALC 
I  P  (NECOHP.LT.  1)  CO  TO  46  2 
WRITE  (o  ,  *  90  ) TCELEH  (RECOUP) 

•62  CONTINUE 

WRITE  (6,691) ITERKA 
WHITE  (b,S92) STREST 


- 
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“ACTE  (6.595) EPS t 

ifr'.c 

wait:  i rr.c 

.“i;- 

write  (<.,<  OiTi.r'.UF.rrGR.GHFAB 
W-ITS(4,<  10) 

SPITE  (G.MO) 

20c  ronur (//.si, •  inclination  or  corpnession  zone: •  ,si‘ beta (rao)  -'.r* 
2. 2, /i2I , • EETA  (EEC)  *‘,F6.2,//) 

21C  FOP  R  A  ?  (OX  ,  ‘  INCREASE  III  STRAIN  III  STEEL  LET  WEES  IHIIIH  AND  (JLTIRAT 
2 E  LOAC:‘,/| 

221  P'>.v.AT(8(*.i.ia.i.i,ri2.6,1ci,ia.tii.ri2.r.,/)  j 
2  30  ropr.’.r  (SI ,  •  UlTInATE  STRAIN  III  STEEL  (I*  PMC**?)  :•./) 

2«c  rv'-ET ( '.x , •  i.ii'iiEn  or  iterations  reod.  rr.n  curvature  ■•,!»///) 

2S2  rO?rA7(SI,‘  NlU'WiL  ills  LOCATION  (In  INCHES,  FROr.  1  HE  TOI’)  ,  »*  •  , 

2rn. •.///! 

26C  eor.-at  (5i,  ‘curvature  (Radians/i*) ,  rui«* . no. 7,///) 

2  2  C  rGPRAT'SX, ‘STRESSES  In  PR  EST  8  ESS  I NG  STRANDS  AT  OLTIRATE  (KSZ)  !•/) 
2sc  ropi-AT (Sx#- rorcES  m  pdestressibg  strands  at  ultirateinips)  :•> 

290  rOBBATI  //,5X, ‘STRAINS  AND  STRESSES  IB  HORIZONTAL  LEGS  Or  STINE 
2UPS  AT  ULTIRATE  :•/) 

300  FOP*  AT  ( 5 X,‘ STRAIN  IB  Tor  LEG  -‘.FlO. 6, /5l, ‘STRAIN  IB  6OTT0R  LEG 

2  •  •  .rio.c .//) 

310  FOP.r AT(C,X, ‘STRESS  IB  TOP  LEG  P10. 2, /5X. ‘STRESS  I*  90TT08  LEG 
2  ••.*10.2./'/) 

320  rO?,*i7(SX,‘N0.  or  STIRRUPS  INTERCEPTED  a‘,/5X‘AT  THE  TOP  -• , 

2F4.  2,/',I, ‘AT  THE  DOT  1  OB  **,FS.2.//J 
330  FOPR  AT  (5X  ,*  EVUI  LIEMUR  CIIEClt:1) 

3lc  ro?*.Art5i. ‘tensile  rc.scE  (kips),  T-’.riO.S) 

3SC  EOS".  AT  (SI,*COsr?ESSIVE  rOPCE  (KIPS),  c  *‘,uo.5./) 

360  FGi'r.AT  (M  ,‘ ERROR  IB  PEBCEBTAGE  (T-C)/T*100  *  •  .  F 1 0. 5,///) 

341  rOB-AT (EX ,• T00SI03  TO  BEHDISG  BATIO  OB  THE  IBCLIBEO  (BETA)  PL1B E  , 

2  KSIiiFTA  »•  ,rio.l,///| 

390  r  ■  •*;.:  (M, •  khsoeh  or  the  flerents  it  corpcesston  »•, !*,///» 

3AC  FTBr  AT  (5X  ,*  STF  AIDS  IB  THE  CENTROIDS  OF  CO.-.PBESSIOS  ELEK IVTS  :•,/) 
B10  r'l^nkT  (LI  ,•  STPAI B  AT  THE  TO?  or  THE  POUT  10B  or  ELERENT  BOUNDED  ST 
2 k . a .  *• , ri2. t,///) 

U2C  rOBEAT  (//,5x,  •ccrfbessio.t  ELERENT  STPESSES 

B30  P33  r  AT  [//  ,4X,  'STRESS  AT  THE  TOP  Or  rOHTIOi:  Or  THE  COEPBESSIOB  ELEA 
2EST  SCUKDE0  DT  S.  A.  (?  S  I  ) *• , f 1 2. 5 ,///) 

BUS  FO.iRAT  (Ll,‘ AREAS  Cr  THE  ELEREIITS  Ill  CON  P  (1  PS  S  IOB  :  •  ,  /) 

«SC  EOSN.AT  (//,5X,  •  ASEA  OF  THE  PORTION  Or  COOPHESSIOB  ELEflEBT  BOUNDED  > 
21  B.  I.  (SC.  INS.)  * • , r 1 2 . s , ///) 

B  7 1  rOj-AT(  6X  ,  •  NUr.DER  Or  STIIU:UPS(»EPT.  LEGS  OB  ONE  SIDE:)  iBTEiCt 
2PTED:', no. 5/5X. ‘AVERAGE  STRAIN  IB  VERTICAL  LEGS  Or  ST1B3UPS 

3  ;  • ,  no.  S/SI,  •  AVE0ACE  STRESS  IB  VERTICAL  LECS  O T  STIJBOPJ 

b  s'.no.s///) 

B80  TOR  RAT  ( S  X  ,  *  EE  BEING  ROREBTS  (IB. UPS.)  OB  INCLINED  (BETA)  PLANS  S  •/ 
2) 

a  9  0  ?0?.S1T(5X,‘  DDE  TO  CONCRETE  CORPS  ESSIOB  ZONE  :‘,P10.«) 

B91  »CSFAT(5I,‘  TEHSIOJ  ZONE  :*,P10.»j 

so:  POBSAT(SI.‘  PaEST3ESS:N0  STEEL  :‘,U0.B) 

513  rG8r.AT(5l,‘  STISSGPS  (HORIZONTAL  LECS)  :‘,UC.») 

520  rORr.A7(SX,‘  STIRHUPS  (VEBTICAL  LEGS)  s‘,P10.»/) 

530  PGBRAT (SI, ‘TOTAL  BEVDIBG  RORENT  OB  BETA  PLANE  !*,P 10.B//) 

SBC  EC?  F  AT (SX , ‘TOTAL  TCRCUE  (IN. KIPS)  ON  BETA  PLANE  :‘,P1 0.*//) 

ssc  rcr.'s*  (5x  ,•  tonche  taken  dy  stir  stirs  (vert,  legs)  :‘,eio.b//) 

S60  ECS  FAT (SI , ‘TOECHE  TAKEN  8T  CONCR.  CORPR.  ZONE  AND  DOWELS  s‘,P10.*/ 
2/1 

S7C  EOFRAT  CSX  ,  '  SPEAR  FORCE  (KIPS)  IR  CORPR.  ZONE  :‘,UC.«//) 

SRC  POPRAT  (SX SHF*  R  STRF5S  (PSI)  IH  CORPS.  ZONE  :',U  0.B//) 

59  P  rOKF.AT  (SX,‘ SOSR.1L  STRESS  (PSI)  IB  CORPRESSIOB  ZONE  :‘,U  <>.•//) 

591  EO?.*AT(SX,‘  BORDER  OF  ITERATIONS  FOR  N.  A.  POSITIO  :',I3//) 

592  FOSSA? (5X,‘ RAXIRUR  (TENSILE)  PRINCIPAL  STRESS  (PSI)  OB  BETA  PLA8E 
2  :‘,UC.2//) 

59?  rO?EAT(SX.‘rl»IRUR  (CONPSESSIVE)  PRINCIPAL  STRESS  (PSI)  0*  BETA  PL 
2A9E  : • , FI  0. 2//) 

59  c  FOSSA?  [5X,‘  ESRCR  IB  STRESS  INTERACTION  EQUATION  :‘,U  C.6//) 

595  rOV.RAT  (51 ,  •  RAXir.UR  (TENSILE)  MINCirAL  STRAIN  (IB/IB)  OB  SETA  PLAN 
2E  I'.MJ.R//) 

596  r 02  N  AT  (5X ,  ‘.*11  NIRUR  (CORPRESSI  TE)  FHIBCIPAL  STRAIN  (IB/IB)  OR  BETA 
iriANF  :‘,F12.H//) 

600  FORRAT(/‘I,  ‘CCRBIKED  CAPACITIES  AT  UL7IRA7E  (IB.  UPS  AND  IIPS)1‘, 
2//5X, ‘TORSION  :‘,E8.2/SX, 'SENDING  S • . 1 8. 2,/SX , ‘ SHEA ■  S‘,P8.2//) 

6 1 C  FORRAT(IHI) 

RETU9I 

END 


*  f  A  *•  AO 
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X  Nt-4,T  VA*f  A‘«wf  $ 


HfA*  DI^CnSIONS 

r.uTMori  hollows 

•IDTrt  ||N.)  •  A, 00  0.00 

uri'.-r  I|n.)  •  17.00  0.00 

U^.Th  (In.)  •  tco.oo 


NO.  CF 

M  ■ 

400  t  - 


PMEiTBCSr-lNC  STRakGS  PROVIOEO 

4 

1 


<M) 


ano  thcim  sue  mooeis 


A°F A*»  of  PPF^rarssiNC  *TAanOS  (S3.lN.it 

0.14*0  0.1*40  O.OoOO  0.0*00  0.14*0  0.1*40 


A ® 6 A  CF  TRANSVERSE  STEEL  -  On£  LfcC  ISO. lN.lt  0.0500 


PAfSTRfSSlNG  STEEL  LOCATIONS  (OISTANCLS  FMO«*  Th£  OOTTO*  in  INCHES)  I 

1.00  1.00  *. 00  6.00  II. 00  11.00 


PurSTwFSSlNG  *»T6iL  location:#  lOlSTANCfS  FWOH  T«C  SIOL*  in  INCHES)  I 
5.  CO  1.00  4.00  2.00  5.00  1.00 


stjwnup  location  in  cross-sect »0n* 

VfcPT.  0.6750  u.3750 

HO® l 2 •  0 • 62  SC  5.  3750 


ST|®ouP  SPACING  (IN,),  S"  3.50 

EFFECTIVE  POESTHESSINC  FORCES  ( A  I  PS )  I 

10.86  10.62  11.86  il.40  10.66  10. *S 


MODULI  OF  £lAC7  1CITF 
27503.00  2 75C0.00 


OF  »*«f STRESSING  STEEL  C<SJ)1 
269C0.00  28600.00  27500.00 


27500.00 


*»C0VLt  OF  EL  AST  |C I  TV  CT  *ILO  STCFL  S 
26S3C.C0 


ultimate  stqesscs  pre stpe sr> i ng  sttcl  * 

276.366  276.330  275.625  275.625  276.380  276.340 


ULTIMATE  STRESS  CF  RILO  STEEL  * 
43.33? 


CONCRETE  CO-e®C?Stve  STRENGTH  |PSI)« 
FC-  6324.00 


•COULUS  OF  QUPTLCE  (TSUI 

«»no*«  4A6.00 


CONCRETE  ULTIwaT*  COM»*MESSI  Vff  STRAIN  t 
CPSCU  •  -0.00360 


COEFFICIENT  CF  OCPTh  OF  NEUTRAL  AXIS  (  A  C  I  FORMULA)  K 1  •  0.7S 


TORSION  TO  OENOING  RATIO  «  T /N  a  1.044 


TORSION  TO  SHEAR  RATIO  (2*T/(P*V))  ■  6.7520 


LOCATION  CF  FAILURE  SURFACE  (In.)  FROM  LEFT  SUPPORT  S 
OFwOOl  •  2* .0 

o*-cn?  »  25. e 

Cr^OOJ  •  28.0 


INITIAL  rCCCNTQICITr  (IN,),  ECCN  a  0.0215 
AVTAAGE  PRCSTRERS  CPSI )  P/A  •  1*21.6444 


INITIAL  STRAIN  in  P4.  fSTR'-SSI  Nf.  STEEL  * 

0.CC531S  0 • 6  C  50  30  0.03SI3C  0.0C4®31  O.OOSOIS  0.00*616 


INITIAL  STRAINS  In  CONCRETE  (TOP.  STffL  LEVELS  ANO  POTTO*)! 

•C.C?'?26  -3.32C32*  -0.<*00?2I  -3. 030*21  -0.00031*  -0.000316 
-C. 00*32* 
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C*«  MHfNUH 


TCMOuE  CCnC 

Th.  |*-L) 

Tm.Cweo) 

ft:  4  %T|W 

lLl  .<.--0. 

S*»w  I  4l»Al 

j  ncn  In 

Ih‘  TAIOC  i.| 

NO.lTl* 

BOTTpH : 

l 4 A. 2? 14J 

0 .62320 

?S.  7<‘*>MJ 

2  •  <*  1  1 C  6 

I  AH.  4  JA4  I* 

0.  «v6'j0 

-0.  96 

35.  70c.Fi 

-0.0025* 

1* 

Sl*€  s 

t 1 0.504*6 

A 

•  ' 
7 

4 

O 

26. 1 1 ) N4 

7.5M».3i 

J  1*  .01079 

9.*iV6*> 

-l . A  7 l 60 

26. 111*4 

-0.00502 

26 

to*  : 

232.274  79 

0 . 2 » V66 

|N. 315 JN 

5.6l  7*4 

737 . »«  764 

0.34127 

-3.314*2 

14.31536 

-0.00*6* 

22 

sfccno  •"■'oe  -  ulti-a?c  capac  i  ty.sibains  »no  touiui^iu**  cmlCa 


INCLINATION  OF  INITIAL  C»aCAI  ThET  MOiO.)  •  0.4597 

THtTA(CCCJ  •  7  6  .  t  12  0 


INCLINATION  OF  CCmpB£SSICn  TOnCJ 


bF  T  a  ( HAD |  •  0.27 

ttCT  a( DLC )  •  15.37 


f  *»CP  t  a  SC  in  strain  in  STEEL  BETWEEN  INITIAL  ANO  ULTIMATE  LOADS 


C . OOC76* 
0.09CI  9* 
O.OC9204 


•0.000072 
0.000051 
-O.COOO 22 


ULTINATC  strain  in  STEEL  I  IN  P£PCF NT|  J 


o.oc;r.97 

c . ;  c  o/,  a  y 

0  .005601 


0  .005331 
0.005301 
0.09521* 


Nuw*e«  o*  iterations  *eod.  foq  cupvatupc  »  I* 


NCUTPAL  AXIS  LOCATION  ClN  INChES.FBCm  Th€  SIOEJ.A*  1.300000 

Cu®v aTu°C  (o»0l#NS/lN|,  PHI*  0.C00273O 


STfcfSSCS  IN  PCfSTHtSSlNO  STNANOS  AT  ULTIMATE  <  as  I >  s 


154.1 0*453 
163.1 *4475 
154.03*203 


146.654467 

153.25254* 

143.440632 


fobces  in  aaesTccssiNC  staanos  at  ultinatciaips)  s 

1  22.204704  2  21.110241 
1  13.054759  4  12.26020* 
5  22.161501  6  20.655451 


5  TP  A  I xS  AND  STorf^es  in  Vf  *T  I CAL  LEGS  OF  ST  1 BByPS  AT  ULTIMATE  * 


Strain  In  C:3n°*»  l*C 

strain  In  Tins’*.  LEG 


-O.CCOIT0 
C. 03 1071 


5 Tc« ; s  IN  CON©®.  LEG  • 
STCfSS  IN  T£NSM.  LEG  • 


-5.2* 

21.06 


NO.  Qr  STtocuPS  iNTFoCEPTfP  S 
AT  Th£  C.  SIOE-I 1.17 
4  T  Th£  T.  SIOE*  6.27 


FCUtLlPMluN  Cweca: 

Tf  n*  I LE  FOPCf  ("TPS).  T  m  42.22071 

CCppajssivc  roace  c  -  43.2010* 

E«CC»  IN  PCcCf  N  T  AGE  <T-C)/T*10C  •  -0.0343* 


TC®SION  TO  0FNOING  BATIO  ON  Th£  INCLINCO  (SETA)  PLANE  e  HSIBETA  o  0.27*05 


NO»*ot«  OF  TnE  EifNCNTS  IN  CO®P®CSSION  •  * 


STB4INS  in  T**c  CENTfiOIOS  CF  COMPRESSION  ELEMENTS  t 


1  0.000055 
3  0.000104 
9  O.OC0273 


2  0.0001C9 
*  0.093210 
6  0.000320 


DISTANCES  F«pN  4. A.  TO  CENTBOJOS  of  The  COMPRESSION  elements  « 


I  O.TC 0309 
3  0.609300 
s  i.oroo*9 


2  0.400000 
A  0.600900 
6  1.290000 


HEIGHT  OF  The  »C*T ION  of  ELEMtNT  in  COmPBCSSION  FOUNOEO  UV  N.  A. (Inches)  •  0.10900 


STcaIn  AT  The  TCP  O®  Tnf  ®0*»TION  OF  CLEmCnT  FOunOEO  HT  N.A.  • 


0 .09002  T 


CO«pp*^^(f)N  fi.i  *oif  M«f  %•.»•;  i 


I  ZSS.Z'ISASA 

)  <S-4.J4f.4  44 

4  1121.145757 


2  46S.045JI2 

4 

ft  uvs.r^jo^s 


ST*fSS  AT  ThC  TOP  Of  PORTION  Of  T-f  COMPRESSION  CLEmCnT  BOUNOEO  6T  N,  A . 


4P  S  1  )■ 


114.34174 


4**f*$  OP  THE  EL(**CNTS  IN 

t  o.  34*4773 

3  5.CCS770 

5  6. 044770 


compression  t 

2  0.055770 
4  O.0*>S770 
4  O.0S5770 


A»CA  OP  T«P  PORTION  op  CO-PP  E*»S  I  UN  r.Lt-CNT  BOUNOEO  8  V  N. 


(40.  INS.) 


4.52700 


NU-S?0  OP  5T|8OuPS(H0(».  LEGS  ON  On£  S I  Of  J  )  |NTCftC£PTEOl 
AvfPAOP  STwaJN  IN  *0*120*.  LEGS  OK  STfARUPS  S 

AVERAGE  STRESS  In  kO«I2Cn.  LEGS  OP  STIRRup*  * 


2.37535 
0.30044 
IS. 42225 


ft  C  NO  I  nC  nOnpnTS  (IN. KIPS. |  on  InClInCO  (CCTA)  P\_ANC  I 


ouc  to  concrete  compression  zone  : 

TENSION  zc NP  t 
PKrSTPrSSlNC  STEEL  S 
sripftops  4^:«!*gntac  tecs)  : 
SMNPtjPS  (VERTICAL  LEGS  )  s 


37.0447 
0.0300 
SI .61 BO 
19.4767 
40.4021 


TOTAL  MINDING  “CMfsT  ON  BETA  PLAnC 


140.7444 


total  toaoue  (iN.KtPSi  on  beta  plane  : 


40.6025 


TO»Ou€  taken  flV  STIPPUPS  (VC«T.  LEGS)  I  S.3S36 


ShC  A  a  P0»<C  (KIPS)  In  CO*P».  ZCnC  I 

Shear  STRESS  (PSIJ  IN  COhPP.  ZONE  t 


57.4641 

576.5627 


normal  stress  < psi )  in  compression  zone  i  i326.7ajt 


NUNPEP  op  ITEPaTIOnS  PO®  N.a.  P0SIT10  I  21 

N4KI-U-  (Tf.NSlLf)  PRINCIPAL  STCAIN  IN  Ih£  COMPRESSION  ZONE  I  0.00014017 
PARI  NON  CTENSlLil  PRINCIPAL  STRESS  IN  TNE  COMPRESSION  ZONE  I  541.5546 
MINIMUM  ICONPRESSl Vf )  PRINCIPAL  STRAIN  IN  T hC  COMPRESSION  ZONE  I  0.00046777 
NIN|M\J*  (CONPRESSl  VC )  PRINCIPAL  STRESS  IN  THE  COMPRESSION  ZONE  I  1636.4705 
CBROR  IN  STRESS  INTERACTION  COUATION  I  0.00000020 


CPMg»|NEO  CAPACITIES  AT  ULTIMATE  (IN. KIPS  ANO  KIPS)I 


TORSION 
PENO  INO 

SmC*« 


142. 75 
I  36. 77 
4.P6 


n  (  *  m  hi 


?i»  • 
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Input  vaoiaalCS 


eeam  dimension* 

outsiol:  holloms 

•jdth  iih.i  •  a.so  o.oo 

KKh  T  (In.)  •  12.00  0.00 

LCSCTH  <|N.|  •  100.00 


NC.  &E  t<tesraCSMNC  STflANOS  PHOVlOtO  |M)  •  ANO  r«clH  Size  C*OOE)( 

*9  9 

KC6<  •  2 


Akets  or  oocmkm'wnC  stpa«os  <so.in.)s 
0.0A00  0.0*00  O.CnCC  0.0*00 


AfcfA  CE  T»anSV£BS£  STEEL  -  OK  LCG  (SO.tN.)S  0.1100 

PBCSTPfSMNC  ST£CL  LOCATIONS  (DISTANCES  T«0A  Th£  GOTTC*  In  InChCSI  S 
1.40  1.40  10. SO  10. SO 


P-eSTCFSS!NC 

A. so 


S%  £  EL  LOCATIONS  (DISTANCES  ERO*a  Thc  SlOC  IN 
l.so  6. SO  l.SO 


ImCmkS) 


t 


ST  I o 8yP 
Vf.at  . 
HCO| z. 


LOCATION  IK  CRCSS-SECTION* 
1.IZS0  10.A7SO 
i.izse  6.07S0 


STXcaoP  SPACING  UN.),  S* 


2.J7 


EFFECTIVE  Pt-eSTP£SSlNC 
13.12  12. SO 


EC«CCS  <«1PS)  1 
0.15  0.00 


MODULI  OE  ELASTICITY  OF  Pfc t S T» £ SS I NC  STEEL  <KSI)S 
20000.00  2*900,00  20900.00  20000.00 

Ncctn.!  of  elasticity  of  pilo  steel  * 

2*«00.03 


ULTIMATE  STflESSES  op  P«ESTP£SSINC  steel  s 
27S.62S  27S.62S  275. E2S  275.625 


ULTIMATE  STRESS  CP  NlLO  STTEL  * 
•3.333 


CC.NC«fTE  C0NOPESS!  VE  *TO£nCTH  (PSI)t 
EC»  SA6A.00 


“COULD*  CE  «UPTL«E  (PSII* 
*  4  A  A.  0  0 


CTnCPETE  ultimate  COMPRESSIVE  STRAIN  S 
CPSCU  »  -0.003Y© 


CtMEAlCITNT  CE  rfPTM  OF  NCUTPAL  AXIS  (  A  C  1  EOn«vA.A)  XI  ■  0.7# 

T  CPS  I  OK  TO  OENOIKC  PATIO  •  T/n  -  0.112 


TORSION  TO  SHfAM  PATIO  C2*T/CH»Vl 


LOCATION  PE  E  At  UJ«  £  SURFACE  UN.) 
DEMPDI  •  ol .0 

Of -COZ  •  67.0 

0EMO03  •  67.0 


)  •  l.«S30 

EPOM  LEFT  SUPPORT  I 


INITIAL  ECCENTRICITY  CIN.J.  CCCN  •  0.76A0 

AVERAGE  PP€STPe«S  (•111  P/A  «  A  57  .8 1 25 


INITIAL  strain  IN  P-*£  STRESS  Inc  ST££L  I 
0.CC5A7A  O.OCSAAH  O.OC3RSA  0.003*32 


initial  strains  in  CCNCKEYf  ITOP.  STEEL  LEVELS  ANO  f*OTTON|« 

-e.co***** 

•C.OCvlAC  -C.iCC|4*i  *0.0300  77  *0.000077 

-C. 22**1  >2 
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C"  ts<;  S T  rcnG  Th 


▼0»vif  cosc 

Im.Ii-UI 

T  H.  |  ’>.<•! 

T no  stjr 

Till  .  TfiMO. 

SPMJ  NCMA  « 

5  *■*  ft  J  NC  M  1  N 

Tut  TA(i/{C| 

C  ftwoft 

NC*.  IT4.R 

bottom; 

2 A . 753*  A 

1  .  1'#  177 

74.0*'  TON 

0.2Om7.» 

/•  .  4  7  4  \*. 

C.NI 14/ 

-0.01 f >d 

-  10. I  424* 

-0.03)05 

11 

sioc  : 

5  J. 321 *6 

0. Cl  789 

35. *0253 

7  .  ->9  f*»9 

101 .4191 7 

O.l* /  J1 

-0  .*4251  3 

35.* 3/53 

-0.00.97 

26 

TO®  t 

17*. 27434 

0  .07/75 

4.45702 

M4.7  )*|9 

2V*.00*»5) 

-0 .GO  C  00 

-A.  4  3*26 

4. *5702 

-0.02231 

1  l 

FIRST  NO  nr  -  UtTJUATf  CAi’AC  ITV.5TOA  ins  ANO  COUlLll'f'IUM  CHC'C* 


INCLINATION  OF  IMIIAL  CfcACC  lHtTAC-AO.1  a  |.)vl« 

T  Ht r  A  4  OK  G  .  )  •  79.63/1 


inclination  cr  compression  zone:  oft  a i  wad i  •  i.co 

DcTaIOcC)  *  57.04 

InCOCaSC  in  STRAIN  IN  STCCL  OCT-tfN  INITIAL  ANO  ULTIMATE  LOAOt 


1 

0.0  »S0«7 

2 

0.014067 

3 

0.500000 

4 

0.000000 

ultimate 

STRAIN  IN  STEEL 

( IN  PCPCtNT)  1 

1 

0.02*432 

2 

0. 02*972 

J 

0.00*035 

4 

0.00*004 

n u»A£Q  OF  ITERATIONS  ft £00.  F 0»  CuPVATUPC  •  54 


NtuTOAL  AKIS  LOCATION  (In  InCmES.  FROM  Th£  T0R).A»  1.500000 


CURVATURC  (PAOI ANS/lNl ,  PHI*  0.0075277 


stresses  in  pwestressinc  stranos  at  ul t i natc  ikssi  t 


l 

266.25*344 

2  266.146020 

3 

116.614324 

4  115.064526 

FORCES 

in  pe*esTt.essi ng  strands 

at  oltimateikips)  1 

1 

21.300352 

2  21.291042 

3 

9.329162 

4  9.249162 

£  T  ft  A  t  NS  ANO  STorSSC*  IN  HORIZONTAL  LCCS  OF  ST  I  RPU«»S  AT  ULTIMATE  t 

STRAIN  in  top  LEG  •  -0. PC-0510 
STRAIN  IN  BOTTOM  LEG  •  0.0I2R94 


STRESS  IN  TO*  LEG  -  -15.22 

STRESS  in  00  T  TO  ••  LEG  •  *3.33 


NO.  OF  S  T | ft  ft  up S  I NTC  4CE*  Tf  0  « 
AT  Th£  TO®  •  l.ll 

AT  Tm«  OCT  TO*  •  0.31 


EOUILIOOIUM  CHEERS 

tensile  force  chips).  t  •  52. 21047 

CCP'iFSSJvC  FORCE  UIPSJ*  C  •  51.2603* 

(PROP  IN  PERCENT  AC-  c  CT-C)/T*I00  ■  0.45414 


TORSION  TO  MCnOInC  RATIO  ON  ThC  INCLINE©  CRtTA)  PLANE  .  KSIBETa  •  -0.50015 


NUMBER  OF  The  ELEMENTS  IN  COMPRESSION  •  60 


STRAINS  IN  The  CENTRO 1 0  S  OF  COMPRESSION  CLEMENTS  t 


t 

0.0CCC32 

2 

0.000043 

3 

O.OCOt  50 

4 

0.000221 

5 

0.0CC2A4 

6 

0.0003*0 

7 

O.OCC41 1 

e 

0.000*7* 

5 

0.0C0537  • 

10 

0. 030500 

11 

C.3C0N6* 

12 

0.030727 

13 

0.0C0790 

I* 

0  .000*53 

15 

0.0CC416 

16 

0. 000979 

17 

0.0C  1C* 3 

t  0 

0.00  1  1C6 

l  9 

0.0C 1 »  6* 

20 

0.C012  32 

21 

C.OC  12«3 

22 

0.001359 

23 

O.OC  l«72 

24 

0 .00  1  AFS 

25 

O.OMiS*# 

26 

0.00IMI 

27 

O.OC  1675 

20 

0.001736 

2* 

0.061A01 

30 

0.001 A6* 

31 

O.OC  1427 

32 

0.001491 

33 

0.0C2CS4 

3* 

0.0C2I17 

35 

O.OC21 S3 

36 

0.0022*3 

37 

0.002337 

30 

0.002370 

3* 

C  •  0  C  ?*  3  3 

*0 

0.002*96 

41 

0. 00/549 

42 

0.002673 

4  3 

0.3PC64A 

44 

0.0327*9 

45 

0.0C20I2 

44 

0. 002673 

AT 

C.0C293A 

AM 

C.OC  10  3  2 

AS 

0.0C31-.S 

SO 

0.  00  11  E* 

51 

C.CC3I  91 

ST 

C .00 3*54 

S3 

C  •  0  ?  3  J  I  • 

SA 

O.COIjM 

55 

0 .0' 

SC 

o.oc  iso  f 

ST 

O.Ot 3575 

SA 

O.CO  JO  1* 

SO 

0 . 0  C JO  9  7  • 

60 

O.OOJ^O 

DISTANCES  PPO*  6.4.  TO  CfNTROIOS  OF  ThE  COMPRESSION  elements  t 


1 

0.0  1  ?«.  30 

2 

0.0 37400 

3 

0.002510 

A 

0. 06  7500 

S 

0.1 I2M0 

9 

0.1  *7500 

T 

0.10*510  * 

8 

0. 1 8  7500 

9 

0.2  I2SC0 

10 

0.237500 

1  1 

0.2 '7511 

12 

0.2*7500 

l  3 

0.  31*509 

IA 

o.3ir*.>o 

IS 

0.382500 

16 

0. 36  7510 

IT 

0 • a  I  2500 

10 

0. 437S00 

l  9 

O.A/2SCO  ’ 

20 

0. 4*7500 

21 

O.S 12509 

22 

0 . 5  J  7  50  0 

23 

0. *02590 

24 

0. 5 A  750 0 

2S 

0.01*503  . 

2b 

0.637500 

27 

0.6  *-2550 

?A 

0.6A7500 

29 

0.712599 

30 

0. 7  J  7500 

31 

0.7'?S99 

32 

0.767500 

33 

0. A 125 10 

34 

0. *37500 

35 

0.0*2509 

36 

0. 007590 

37 

0.912-00  . 

36 

0.9  *7500 

39 

0.982*09 

AO 

0.947-10 

A  1 

I .0 12-90 

A2 

1 .037500 

A3 

i.ot*soo 

A  A 

I .067500 

AS 

1 . 1 1*503  * 

46 

1.  137510 

AT 

1  A 02593 

46 

1.167500 

49 

I.212S00  r 

SO 

1.237500 

SI 

1.202500 

52 

1 .2A7S10 

S3 

I . 312500 

SA 

1.337500 

SS 

I .382593 

Sb 

1. 3A7510 

ST 

1 .4 12503 

56 

1.437500 

S9 

1.442510 

60 

1.467500 

HEIGHT  OP  THE  PORTION.  OF  ELEMENT  In  COMPRESSION  BOUNDED  BT  N.  A.* INCHES)  --O.OCOOO 


STRAIN  AT  ThE  TOP  OP  Th£  PORTION  OP  ELEMENT  BOUnDEO  0T  N.A.  •  -0.000000 


COMPRESSION  ELEMENT  STRESSES  I 


1 

1 »«. *24521 

2 

302 • 524559 

3 

6  2  * • 4?«2SA 

4 

066.986616 

5 

i  c*?-.  202035 

6 

1322.22131 • 

7 

1  S3-. 69*653 

S 

1740.252652 

9 

195C. 3C5112 

10 

21 45.002632 

1  1 

2  332.4C46  12 

12 

2512.531252 

13 

2  50  5. *  8  2553 

1* 

2850.9-0514 

IS 

?C2«.2C9I 35 

16 

3160. 124416 

17 

3303.734358 

1  6 

3*40. 0 J  0960 

19 

2569.5  2-^22 

20 

3090. 7321 44 

21 

2-CS. 1 207*7 

22 

391 2.203970 

23 

401  1 .Rfl*  73 

?• 

*114. 4*V44  *  7 

25 

4 104. 621660 

26 

4267.4035*4 

27 

•  3 JP. C-CO-0 

26 

**0  1.291*63 

C9 

44- 7. 23  M  57 

30 

•  r  06.  07  74*2 

31 

4547. 2 1*567 

32 

4501.2*2712 

33 

4607.04?*! 6 

24 

*627.306364 

34 

A**  19.500213 

36 

4  644 .  100696 

37 

4 6 2 C « 4  29219 

38 

4591 .974779 

39 

•S62.SIC349 

•  0 

45 JS.  0*  5920 

*1 

4S26.**t  AOO 

47 

4470.ll 7061 

43 

44  49.  to-?6  31 

44 

4*71. IH02S1 

•  5 

4347. 773772 

♦  6 

A  340. 2593*2 

47 

•325.70491 j 

•  6 

4307. 330*03 

49 

4 2 75.. S3 

SO 

*2  SO. *0  162* 

SI 

•  221.937104 

52 

*193.472764 

S3 

•  16S. 0  C6  J  35 

SA 

A  1 36.543995 

SS 

4  :P-.0  70476 

56 

*079. 61 5046 

57 

4051 . 1  *CMb 

56 

*022.6861 07 

59 

3944.221 757 

6C 

390S.7S7327 

STRESS  AT  ThE  TCP  OP  PORTION  OP  ThE  COMPRESSION  ELEMENT  80uM>ED  BT  N.  A,  <P  S  I  )» 


-0.00000 


A«»fAS  OP  Tnf  ELTMCNTS  IN  COMPRESSION  I 


1 

0.2  ?P37«, 

2 

0.230376 

3 

0.226376 

4 

0.2  30376 

5 

C.2  2.-J  76 

6 

0. 23*376 

7 

0.2  2  76 

8 

0.238376 

9 

0.22-376 

10 

0.238376 

1 1 

0.2  3*3  7 A 

12 

0.2  3 A  3  76 

13 

0.22837a 

14 

0.230376 

13 

0.220376 

16 

0.236376 

17 

0.2  203 76 

1  A 

0.230376 

19 

0.220176 

20 

0.230376 

21 

0.230376 

22 

0.2  3A 376 

23 

C  .  *  3  •  '  76 

2  * 

0.2  3A3  76 

25 

0.228376 

26 

0.23637b 

. 

77 

4..**  V  1TA 

?* 

0.2  1*1/6 

20 

0.2  24  1/4 

16 

O..'  »•«  1/4 

31 

0.2 

32 

0.2  »S j7o 

31 

0.2  !-s'7/. 

14 

33 

0.2  1  r 4 

IN 

0.2  IN  176 

37 

0.2 

)«r 

g.b  i*:J  /*. 

30 

0 .2  »/a 

40 

0.2  J'«  »  74 

41 

o.z  2»  !  r 6 

42 

c  .2  'mfii 

4) 

0.2  2«T  76 

44 

0.2  3*174 

43 

0.2  24)78 

4  O 

0.2  3©  176 

47 

0.2  1*176 

46 

0.23-4176 

40 

0.2  Id  1 76 

50 

0.2  3-1374 

31 

0.22*374 

32 

0.  2  34.174 

33 

0.2  3*3  76 

34 

0.236176 

33 

0.2  36178 

36 

0.234376 

37 

0.2  IF J  76 

54 

0.238376 

30 

0.23*374 

60 

0.236378 

area  of  th£  portion  of  compression  ret kcn?  goumoeo  av  *. 


(SO.  InS.I  •  — 0 . 00000 


NU»£EP  Of  S  T I  PPuPSC  Vf-T .  LCCS  ON  Qn£  Sloe:)  INTERCEPTED!  0.40749 
*Vf8»Cf  STRAIN  J4  VERTICAL  LEGS  OF  STIRRUPS  I  0.0044* 

AVERAGE  STRESS  IN  vCmTICal  LCCS  Of  STlP»UPS  J  A3. 33330 


8  f  NO  I  NO  -ONCNTS  (IN. KIPS.)  ON  InCLInCO  (OCTa)  PlanC  1 


Out  TO  CCuCPCTX  COMPRESSION  ZQKf  : 

TENSION  ZONE  S 

pacs r&cssiNr.  steel  : 

STIRRUPS*  (HORIZONTAL  LEGS)  S 

stirrups  tvct-riCAc  lcgs)  : 


44.2703 

0  .ocoo 
321.6)70 
13.6407 
7.4221 


TOTal  BCNOINC  mC^nT  On  BE  Ta  PLANE  l  366.0307 


TOTAL  TOPOOE  (IN. KIPS)  ON  G£TA  PLAN€  t  -I03.S52S 


TOfcOuE  TAKEN  87  5TIOBUPS  (Vc»T.  LCCS)  1  11.4447 

TOPGue  TAKEN  t»y  COsCO.  CC»P«.  ZOnC  ANO  OOkELS  «  -204.0072 


SHcAQ  FORCE  (OPS)  IN  CGMPP.  ZONC  5  10.3100 

SmEaP  STPCSS  (PSI)  In  COnpR.  20n£  )  734.8308 

N0P-4L  STPCSS  (PSD  IN  COMPRESSION  I0«€  :  3043. 737J 
NUMBER  Of  ITERATIONS  FOP  N . A .  POSITIO  S  4 

4AKI-U4  (TENSILE)  PRINCIPAL  STRESS  (PSt)  ON  GETA  PLANE  t  33.83 

*»AK|*u*  (TENSILE)  PRINCIPAL  STRAIN  (  I N/ 1 N )  CN  GET  A  PLANE  J  0.00001083 

NINJNUP  (COMOCE£SIV£)  PRINCIPAL  STRESS  (PSI)  ON  BETA  PLANE  X  3060.87 

*XN!*UN  (COwt>R£SSIVE)  PRINCIPAL  STRAtN  (1N/XN)  ON  BETA  PLANE  I  0.00377086 

£ oapR  in  STRESS  Interaction  EQUATION  I  0.030000 


C0*^tN50  CAPACITIES  AT  ULT InaTE  (IN. KIPS  ANO  KlPS)t 

TORSION  *  44.18 
BENDING  :  420.08 
SHEAR  I  6.42 


e  r  i  1  c  h  •  4 


272 


TIPOT  VARIABLES 


BEAR  direisiois 

OUTSIDE:  hollow: 

WIST*  (Ifc.)  •  12.00  4. CO 

P ! ICHT  (I*.)  •  12.00  4.00 

L!*CTd  (II.)  •  108.00 


SO.  Of  PieSTRESSHG  S T2AIDS  PBOVIDED  (R)  ,  SID  THUD  SIZE  (RODE)  l 
H  »  7 

SODZ  •  1 


S3E1S  Of  PDESTPESSIlC  STRAIDS  (SQ.H.)X 

O.UUO  0.1W4C  0.1440  C.1U4C  0.1460  0.1460  C.14%0 


SB  ZS  Of  TBAKSVEBSE  STEEL  -  OIE  LEG  (SO.ZV.)X  O.OSOO 

PBCSIPISSriG  S7EZL  L0CA7ICKS  (DISTAICES  f B OR  THE  DOTTCR  II  ISCHES)  : 

2. CO  2.00  2.00  2.00  2.00  10.00  10.00 


P3ES7PE3SIIG  ST.'EL  LOCATIOJS  (DISTAICES  P20R  THE  SIDE  II  HCBES)  : 

1C. CO  8. 00  6.00  4. CO  2.00  10.00  2. CO 


ST TPPOP  LOCATION  II  C20SS- SECTIOlx 
VE?T.  1.5625  10.4375 

HG? I Z.  1.5625  10. 4)75 


STI8B0P  SPSCIIG  (II.),  S«  3. CO 


EfPZCTXV  E  PBESTPESSIBC  FORCES  (SIPS)  : 

16.06  15.97  15.43  15.25  15.77  19.12  19.69 


BCLOLI  Of  ELSS7ICITT  Cf  PRESTBISSIIC  STEEL  (SSI): 

27500. 00  275C0.00  27500.00  275C0.00  27500.00  27500.00  27500.00 

'ROCOLI  or  ELASTICITY  Of  WILD  STEEL  : 

29000. CO 


OLTIRATE  STB  ESS  IS  Of 
276.389  276.389 


PBESTBESSIIC  STEEL  : 
276.389  276.389 


276.389 


276. 389  276.389 


OLTIRATE  STB  ESS  Of  RILD  STEEL  » 
53.333 


CCICBETE  CORPBESSITE  STB  ESGTI  (PSI) I 
rc-  5476. cc 


fOCOLOS  Cf  H3PT03E  (PSI) S 
X  ROPB»  325.00 


CCICBETE  OLTIRATE  COKPBSSSIvr  STKAZI  X 
EPSCO  •  -0.00380 


COEfFICIEIT  Of  DEPTH  Of  IE0T2AL  AXIS  (  A  C  I  f OBa  OLA)  Kl  »  0.7* 


TOISIOI  TO  BEIDIIG  RATIO  ,  T/8  -  31.444 


TORSIOI  TO  SHEAB  IATIO  (2*T/(8*V))  -  152.1510 


tCCITICI  Of  PAILCBE  SORfACE  (II.)  fBOH  LEfT  SOPPOlt  X 

trac'd  •  12.0 

DP8992  •  12.0 

VTr.OD3  •  12.0 


IIITIAL  rCCEiraiCITT  (II.),  ECCI 
AVItACE  PSESTBTSS  (PSI)  P/A 


1.3533 

1086.2037 


IBITIAL  STBAIH  II  PBESTBESSIIC 
0.C04T56  O.OC6038  0.0C3396 


STEEL  : 
0.003851 


0.003982  0.0C4828  0.004972 


IIITIAL  STRAUS  II  COICRETE  (TOP,  STEEL  LEVELS  AID  DOTTOR)  X 

-0.000113 

-0.0CC350  -O.0C0350  -0.000350  -0.000350  -O.0C0350  -0.0*0165  -0.000165 
-C . 000  3  °7 


CRACKING  STPriCIH 


TOPQ3E  CCKC 

TH.  (PD) 

TH.  (DEG) 

TOB  STIB 

TOT. TO 90. 

SPlINCr.AX 

OPOInCrl* 

THETA (DEC) 

BDTTOn: 

254. 46968 

0.30588 

22. 10946 

19.76949 

274.23317 

0.32500 

-1.96921 

22. 1050* 

sice  : 

213.96790 

c  .  U  t  7  «.  4 

25.63617 

16.28571 

230. 25)61 

0.32500 

-1.41120 

25.0)617 

top  : 

166. 475S6 

0.55570 

31. 83939 

11.85936 

178.3)53* 

0.32500 

-0.84281 

31.83939 

THIRD 

BCD E  -  OLTIBA 

T5  CAPACITT 

. STR  A  IB  S 

AND  EQOIII 

DRI OB  CHECK 

IICLISA7I0I  Of  INITIAL  CBACK:  TH  E?  A { 3  A  D. )  ■  0.5557 

»llt*  A  ( DEG. )  •  31.8)74 


JICLIIATIOI  Cf  COB  f B  ESSIOI  ZOIE:  UETA  (BAD)  •  0.21 

BETA (DEC)  •  12.22 


I5C8EAS2  II  ST2AI*  I  It  STEEL  DETWEEI  INITIAL  AID  OLTIBATE  LOADS 


1 

3 

5 

7 

OLTIBATE 


0.0C0155 

o.ocoiss 

O.OC0165 
O.OC  1173 
STRAIN  IS  STEEL 


•  2 

4 

0 

(II  PEBCEIT) 


0.000155 
0.0001 55 
0.001193 


1  0.GC4561 

3  0.0C6U02 

s  o.octiqa 

7  0.0C6330 

ICBEEB  Of  ITEPA I IOWS  B  EQO, 


2  0.00*54% 
4  0.004357 
6  0.004184 

f03  COS VAT08E  •  33 


IE0T8AL  AXIS  LOCATIOI  (II  XICHES,  F80B  THE  TOP)#l«  0.80250D 

COBfATUBZ  (P  A  D I AKS/I I) #  PBI-  0,0004127 


STRESSES  II  PEESTBESSISG  STB  AIDS  AT  OLTIBATE  (KSX)  X 


1  125.437165 

3  121.062165 

5  123. 423276 

7  170.073364 

fOSCIS  IS  PS  EST?  ESSI KC 
1  1 8. C  62952 

3  17. 4  32952 

5  17.772952 

7  25.06656® 


2  124.951054 

4  119.012165 

6  170.115031 


STSAKDS  AT  OLTIBATE  (KIPS)  i 
2  17.992952 

4  1 7. 2S2952 

6  24.496544 


STRAINS  AID  ST8FSS5S  II 


HORIZONTAL  LEGS  Of  STISBOPS  AT  OLTIBATE  t 


STPAH  IS  TCP  IFG  •  0.005769 
STS  A I S  IN  BOTTOr  LEG  •  0.000*55 


STFTSS  II  TOP  LEG  •  53.33 

STRESS  II  BOTTOB  LEG  -  12.74 


SO.  Of  STIS80PS  IlTEKCEriED  X 
AT  THE  T^P  •  *. 76 
AT  TUE  B0T703  *13.45 


ECaiLIBSIUS  CHECK: 

TENS  III  FORCE  (KITS).  T  »  42.81066 

CO-.rRfSSlSE  roaCE  (Sir S)  ,  C  «  42.79291 

E2BOB  II  PE3CESTACE  (T-C)/T*100  •  0.01775 


TOPS IOS  TO  BENDING  RATIO  01  THE  IICLIIEO  ( OET A)  PLAIE  ,  KSIOETA  •  0.25018 


■  ORfft  Of  THE  Ells  ENTS  II  COHPBESSIOB  -  32 


STfAIIS  II  THE  CISTRCIOS  Of  COBPaESSIOI  ELEHE ITS  S 


1 

0.C0C009 

2 

0.000025 

3 

C.CCCC40 

4 

0.000055 

5 

0.0CCO70 

6 

0.000086 

7 

0.0CC101 

8 

0.000114 

9 

0.000132 

10 

0.000147 

11 

O.OCC162 

12 

0.000178 

13 

O.OCC193 

14 

0.000208 

15 

0.CC0224 

16 

0.000239 

17 

0.000254 

18 

0.000270 

19 

0.0002*5 

20 

0.000300 

21 

0.0CG316 

22 

0.000331 

23 

0.0  CO. 146 

24 

0.000361 

25 

O.OCC377 

26 

0.000392 

27 

0.CC04C7 

28 

O.OOC423 

29 

0.000418 

30 

0.000453 

31 

0.000*69 

32 

0.000484 

0.000002 


$?»&!«  AT  THE  TCP  C r  THE  PORTION  Of  ELL.NENT  BOUNDED  Dr  K.A.  ® 


COHPt  ESSXO S  flENEKT  STRESSES  * 


1 

37.8*215* 

2 

i:o.  iv.a.s 

3 

142.909*79 

« 

22».  7941126 

5 

284.250*94 

6 

3.7. 276889 

7 

*O7.07w:O6 

8 

.eh.o.iHu* 

9 

527.7fcCu07 

10 

587.069692 

11 

4*5.9(9701 

12 

70. ..23. 32 

13 

742. **18*4 

1* 

820. 07.0 A3 

15 

877.15496* 

16 

922.930587 

17 

990.23*933 

18 

1066. T 10002 

19 

110 1.55*.  795 

20 

1156.572210 

21 

1211. 1595*3 

22 

12o5.217M0 

23 

1 319.0^61$* 

24 

1372.3.5602 

25 

1*25.215732 

26 

1.77.656585 

27 

1529.648162 

28 

1531.250.61 

29 

1632. *C3*b* 

30 

1683.12722* 

31 

17)3. *21697 

32 

1783.28888* 

STS  ESS  AT  THE  TOP  Of  PORTION  Of  THE  COKf BCSSIOS  ELE8LM?  BOUNDED  BE  ».  A.  (?$!)• 


4.311*2 


AREAS  Of  TEE  ELEREVTS  IV  COrt P2ESSIOI  t 


1 

1. *16936 

%  2 

1.416836 

) 

1. *16*16 

* 

1.416836 

5 

1. *  16936 

6 

1. 416*36 

7 

1.4U8  16 

8 

1.416836 

9 

1 .  •  1 1 S  )6 

10 

1. *16836 

11 

1.*  iw:  it 

12 

1. 416816 

13 

1. *  16*34 

1* 

1. *16»36 

15 

1.416834 

16 

1.416836 

17 

1. a  16836 

18 

1.416836 

19 

1.416936 

20 

1.416836 

21 

1. *16*36 

22 

1.416H36 

23 

1.416336 

24 

1.416836 

25 

1.416836 

26 

1.416836 

27 

1.416836 

28 

1.416336 

29 

1.4168)6 

30 

1.416836 

31 

1.416836 

32 

1.416836 

IB  El  Of  TBE  PORTION  Of  COMPRESSION  ELEBENT  BOUNDED  BI  1.  (SQ.  IIS.)  •  0.1416S 


SU-BER  Of  STI B20PS (VZRT.  LEGS  OV  OVE  SIDE:)  I NTEBCEPTED. 
AVER ICE  SIP A  I V  IV  YZB7ICAL  LEGS  Of  SIIR8UPS  i 


S. 17115 

0.00042 


arsDisc  Roberts  (is. kips.)  ok  inclined  (deti)  plane  t 


70  CONCRETE  COMPRESSION  ZOKE 

r 

22.6565 

TENSION  ZOKE 

• 

0.0000 

Pr ES7R  ESSING  STEEL 

; 

118.9566 

STIRRUPS  (HORIZONTAL  LEGS) 

• 

122.6027 

S7IH53PS  (VERTICAL  LEGS) 

: 

29.2692 

TCT1L  BENDING  RO.BEHr  CK  3E71  PL1VS  :  303.2930 

TOTAL  TOPQUE  (IV. KIPS)  OR  BETA  PLAV2  :  75.87*7 

TCBCOE  TABES  81  S7IHR0PS  (VZRT.  LEGS)  :  8.503* 

TORQUE  TAXES  BT  COSCS.  COSTS.  ZONE  ASD  DOWELS  r  67.J713 


S  REA  R 

fOFC  5  ' 

[KIPS) 

IN 

cor.rt.  zone  : 

68.2760 

SHEAR 

STRESS 

(PSI) 

IS 

COP.PR.  zone  : 

1051.6677 

NORMAL  STPESS  (PSI)  IK  COMPRESSION  ZONE  :  1783.2841 
rubber  of  iterations  tob  v.a.  tosiiio  :  32 


HAXIHUN 

RAXIMUR 

rxntrur 

rinirur 

ERROR  IS 


(TISSUE)  PSISCIPAL  STRESS  (PSI)  OV  BETA  PLAVE  t 

(TENSILE)  PRINCIPAL  STRAIN  (IN/IN)  OS  BETA  PLANE  :  0 

» 

(conrtrssiT;)  pkihcipai  stbkss  (psi)  o»  biti  plaki  > 
(COK  PR ISSI7E)  PP IKCIPAL  STRAIK  (IK/IB)  0»  BETA  PLAKB 
STPESS  IK7EPACTI0I  TOOATI08  s  0.000001 


17S.2* 

.0001371* 

2210.7* 

t  0.0006211* 


C0.78IKE0  CAPACITIES  AT  OlTIflATK  (I*. KIPS  AID  KIPS) I 

TOKSIOK  : 

BI.1DIKC  i 
SPEAK  : 


312. *7 
9.  ?» 
0.  €3 


